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A Brief History
The non-invasive applications of Nuclear Magnetic Resonance (NMR), known as Magnetic 
Resonance Imaging (MRI) and Magnetic Resonance Spectroscopy (MRS), have become very 
valuable tools for in vivo diagnostics and biomedical research in humans. MRI is used to 
visualize the anatomy and physiology of di£erent organs, and MRS is exploited to measure 
metabolism in the same organs.  
NMR or MRI, in its current form, is not as old as one might think. The first discovery lead-
ing towards MRI was done in 1938 by Isidor Isaac Rabi, who detected nuclear magnetic 
resonance in molecular beams passing a magnetic field (Rabi et al., 1938). He was awarded 
the Nobel Prize in physics for his work in 1944. Later, in 1946, Felix Bloch and Edward Mills 
Purcell independently were able to detect this phenomenon in liquids and solids (Bloch, 
1946; Purcell et al., 1946). Both pioneers were recognized for their work with the Nobel Prize 
in physics in 1952. The potential of MRI as a diagnostic tool was proposed by Raymond 
Vahan Damadian (Damadian, 1971). In his publication he showed that protons in water of 
healthy and cancerous tissue had di£erent relaxation properties and could therefore be 
detected independently. At that time he could not capture an MR image, but later in 1977, 
aer the development of a technique to localize the 1H (proton) water signal, the first MR 
image was taken and published (Fig. 1.1). Other pioneers like Paul Lauterbur and Peter 
Mansfield developed the technique further (Lauterbur, 1973; Mansfield, 1977). Lauterbur 
showed how to obtain 2 dimensional (2D) and 3 dimensional (3D) images using NMR, for 
which Mansfield improved the acquisition technique. Their work was awarded by a joint 
Nobel Prize in Physiology or Medicine in 2003.
In those early days MRI was not as it is known today: the first clinical MR system was 
installed in 1983, operating at a magnetic field strength less than 0.5 Tesla (T). From that 
moment on MRI made its way towards a mature clinical modality, as doctors, physicists 
and researchers quickly discovered its non-invasive potential. One perhaps obvious find-
ing was that stronger magnetic fields have a higher signal-to-noise ratio (SNR), which could 
improve image quality and decrease scan times. Nowadays one can find 1.5 and/or 3T 
systems in most hospitals.
Figure 1.1: The very first MRI image of the human 
body (Damadian et al., 1977). It took almost 5 hours 
to capture it, because each pixel had to be measured 
individually, therefore the subject had to be moved 
within the apparatus. Current MRI-scanners can make 
an image within a second with a much higher spatial 
resolution.
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MR imaging essentially relies on the strong, but insensitive, 1H signal of water and lipids 
in the body. Compared to x-ray, MRI can picture anatomical and functional of so organs. 
MR spectroscopy is a technique to measure metabolites in living tissue and provides a 
unique window on metabolism in the human body. Because the tissue levels of metabo-
lites are orders of magnitude lower than that of water signals, detectability must be suf-
ficient. Therefore MRS may better be performed at high field strengths, at least exploiting 
the increased SNR, Moreover higher field strengths  enable a better separation between 
the signals of di£erent metabolites. The work described in this thesis mainly concerns the 
technology of MR spectroscopy of small molecules with 1H and 31P nuclei in the human 
brain.
A new era in MR started in the late nineties, when the first human whole-body 7T MR 
system was installed at the center for magnetic resonance research at the University of 
Minnesota, USA (1999) (Vaughan, 2001). This magnet is still used, although it has had some 
mechanical and soware updates over the years. Several measurements for this thesis 
were performed on this machine. 
In 2005 the Erwin L. Hahn institute was founded by a cooperation between the Radboud 
University Nijmegen and the University of Duisburg-Essen. This consortium houses one 
of the first European 7 Tesla whole-body MRI systems. To date, more than 10 years later, 
the FDA approved the usage of 7T systems in the hospital setting for diagnostic purposes 
(oct 2017) (Caccomo, 2017). Although the higher SNR has immense benefits, imaging larger 
parts of the body is still problematic, because of a relatively low available transmit power 
and inhomogeneities of the radio frequency (RF) fields, which reduces accuracy in RF 
power deposition, in localization of the measurement area (known as the chemical shi 
displacement error) and in spectral quality. Another challenge is related to an increased 
inhomogeneity of the main magnetic field and of the magnetization-preparing RF fields. 
Worldwide, research groups are improving hardware and soware of these 7T systems, 
not only to overcome the issues addressed above, but also to explore new technical pos-
sibilities and to measure new biomarkers using state of the art machinery. This could help 
in the (early) diagnosis, staging or monitoring treatment of a disease. Metabolites present 
at relatively high tissue concentrations can directly be detected by MRS; either static or 
dynamic detecting fluctuations in concentrations of metabolites over time. Because of the 
relatively low signals an important question is whether the detected concentrations are 
determined accurately and reproducible across di£erent MR systems at di£erent institu-
tions. 
Thesis Aim
The aim of the work presented in this thesis was to explore, to develop and to evaluate 
multi-nuclear MR spectroscopic technologies for the human brain at 7 Tesla and to im-
prove accuracy and validity of MRS data. 
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Outline
This thesis starts with two introductory chapters. Included in chapter two is a general in-
troduction of magnetic resonance imaging and spectroscopy. In this chapter the basics of 
MR are explained in brief. In chapter three the basic concepts in coil and antenna design 
are presented. Part of the work for this thesis was the development of a phosphorous (31P) 
MR antenna, which is discussed in chapter four.
The aim of the following two chapters was to assess reproducibility in the measurement 
of metabolic profiles at ultra-high magnetic field strength. Chapter five focuses on mea-
suring neurochemical profiles on di£erent MR systems from di£erent vendors, located in 
Europe and the United States of America. For that work seven healthy volunteers were 
scanned at four di£erent 7T machines. In chapter six we tried to address the reproduc-
ibility of enhanced phosphorous signals with the nuclear Overhauser e£ect. 
In chapter seven we apply the new RF technologies and post-processing strategies to 
measure the dependence of high-energy phosphates to stimulation of the visual cortex in 
the human brain. The final chapter, chapter eight, summarizes this thesis and presents 
some future perspectives.
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In this chapter some of the basic principles of MRI will be briefly explained. A fundamental 
property of atomic nuclei, called spin, is being discussed. This property forms the basis of 
the MRI signal. Also will be explained how MR signals can be used to create a spectrum or 
an image for the research described in this thesis.
The phenomenon of spin and its use in MRI would best be described by quantum me-
chanics, but is easier to understand by using a semi-classical explanation, which only ap-
proximates reality. For a more thorough description of the physics of MRI I would suggest 
reading existing literature, for instance Magnetic Resonance Imaging; Physical Principles 
and Sequence Design written by Haacke and colleagues (Haacke, 1990) or consult the 
website The basics of MRI published by Joseph P. Hornak (Hornak, 2017). 
Figure 2.1: A) In the absence of a magnetic field, spins are randomly directed, with no net result. B&C) As soon as spins 
experience a magnetic field (B0), they will align parallel or anti-parallel to its direction leading to an energy di£erence 
between the population of high energy spins and low energy spins. This is the Zeeman-e£ect and forms the basis of the 
MR-signal (M0). At higher magnetic field strengths, the population inequality increases, just as the net MR-signal does.
Adapted from: http://www.sprawls.org/mripmt/MRI03/index.html.
Basics of NMR (Spin, Precession and Magnetization)
 ‘Spin’ is the physical property of atomic nuclei that underlays the principle of (Nuclear) 
Magnetic Resonance. In classical physics, a nucleus may be pictured as a charged sphere 
having an intrinsic form of angular momentum, or ‘rotational movement’ (fig. 2.1A). 
Whenever the nucleus is not experiencing an external magnetic field, the magnetic moment 
has a random orientation, but in the presence of an external magnetic field the nucleus will 
start to interact to this field and will either align parallel (up, low-energy level) or anti-parallel 
(down, high-energy level) to the direction of the main magnetic field (B0) (Fig. 2.1C). This dif-
ference in energy levels (∆E) is called the Zeeman e£ect and forms the basis of the MR signal. 
The amount of spins in a sample in up or down state can be derived by the Boltzmann 
distribution (eq. 2.1). The population di£erence scales linearly with the strength of the 
magnetic field (∆E = hƒ∝ γΒ0) and scales inversely proportional to sample temperature 
(T). Although the di£erence in spin population in absolute numbers is very small (approxi-
mately seven spins per million spins), each gram of tissue may contain billions of spins, 
which leads to measurable NMR e£ects.
CHAPTER 2
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Nup
 = e- ∆E / kT = e- hf / kT = e- hγB0 / kT (2.1)
Ndown
with κ the Boltzmann constant, T the temperature in Kelvin, h the Planck constant, ƒ the 
resonance frequency in Hertz, γ the gyromagnetic ratio in Hertz per Tesla and B0 the mag-
netic field strength in Tesla.
The small di£erence in spin population between parallel and anti-parallel aligned spins 
to the direction of the magnetic field results in a macroscopic, or net, magnetization (M0) 
in the same direction as the main magnetic field (fig. 2.1C). The maximum available mag-
netization available for an NMR experiment does depend on the density of spins (ρ0) within 
a sample (eq. 2.2).
M0 = ρ0
γ2h2
B0 (2.2)4kT
As soon as the spins with a magnetic moment experience a magnetic field, they will 
start to precess around the direction of this 
applied magnetic field. The frequency at which 
this rotational motion occurs depends on the 
strength of the magnetic field (B0) and is called 
the Larmor frequency (ω0) (eq. 2.3), where each 
nucleus has its own specific frequency wgiven 
by the gyromagnetic ratio (γ).
ω0 = γB0 (2.3)
The hydrogen atom (1H), or proton as its 
core only contains a single positively charged 
particle, is the most abundant nucleus with a 
magnetic moment. It is the most observed atom 
in MR (see table 2.1 for other nuclei commonly 
examined in NMR). 
Creating NMR Signals (Excitation and Relaxation)
Sheer positioning a sample inside a magnetic field is not su£icient to perform an MR 
examination, because nothing can be measured as long as the direction of M0 is parallel 
to the direction of B0. Therefore, M0 needs to be rotated away from the main direction. 
Subjecting the spins to a radio frequency (RF) pulse perpendicular to the direction of B0 at 
the Larmor frequency for a certain duration causes the net magnetization to rotate away 
Table 2.1: Several atoms with a magnetic moment
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Hydrogen 11H 42.58 
Carbon 136C 10.71 
Fluorine 199F 40.08 
Sodium 2111Nα 11.27 
Phosphorous 2115P 17.25 
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from its initial orientation (eq. 2.4) (fig. 2.2). This RF pulse is also called a B1-field. The angle 
of rotation between M0 and the main axis is the flip angle and depends on the strength (B1) 
of the pulse and its duration (τ). 
θ = γB1τ (2.4)
Figure 2.2: Vector representation of a collection of spins in the presence of a magnetic field, where each spin pre-
cesses around the magnetic field having a frequency ω0 When all individual vectors are summed, the net magnetiza-
tion is aligned to the z-direction. When an RF pulse is given (in this case it has a 90° flip angle), M is rotated away from 
the main direction into the x,y-plane. Adapted from: (Edwards, J.C. and Giammatteo, P.J., 2010)
When the spins are rotated towards their desired angle, the RF pulse is stopped. At that 
moment the magnetization M precesses at the Larmor frequency in the x,y-plane around 
B0, but as the magnetization vector is again solely subjected to the main magnetic field, 
the vector returns to equilibrium (towards its initial position along the z-axis). Thereby a 
voltage is induced in a conductor (Faraday’s Law) or receive coil. This electromotive force 
(emf) is the observable MR signal and is called the free induction decay (FID) and forms the 
basis of NMR, MRI and MRS (Bloch, 1946; Purcell et al., 1946; Rabi et al., 1938). 
Just as rotating the spins away from the main direction, it also takes time for them to 
return to equilibrium. This depends on one factor: the interaction of the spins with the 
surrounding tissues, which also called spin-lattice relaxation. 
Another result of the RF pulse is that all spins precess in phase around B0. Once the pulse 
has ended these little magnetization vectors will repel each other losing the coherent 
phase. This interaction of spins to other (equal) spins is called spin-spin relaxation. 
These described e£ects are known as T1 and T2 relaxation respectively and are character-
istic for specific molecules and their surroundings. These typical MR parameters are used 
to create contrasts within MR images. 
Creating an MR Image (Image Formation)
The human body contains a lot of water (H2O), approximately 65% of its total volume. As 
each water molecule contains two 1H nuclei the total spin concentration is more than 100 
M. This high amount makes the protons in water the main observed nuclei in MRI. The large 
CHAPTER 2
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concentration leads to a detectable MR signal, which can be received by an RF coil and 
can be used to create (high resolution) MR images. The distribution of spins over the body 
combined with their relaxation properties, including contrast, is captured in an MR image. 
Creating an image is, however, a bit more complex than presented so far, as the FID itself 
does not contain any information of the signal distribution within the sample. To retrieve 
that information, it is necessary to spatially label the protons. By using magnetic field 
gradients, the magnetic field strength can be varied locally. This variation in magnetic field 
results in a temporary spatial variation in resonance frequencies of the protons (fig 2.3).
The timing and amplitude of the applied RF pulses and magnetic field gradients is 
called a pulse sequence, or an image acquisition scheme. In the readout period of such 
a sequence the data space (k-space) is systematically filled, for instance line-by-line. A 
simplified pulse sequence with corresponding k-space is shown in figure 2.4. Aer k-space 
has been filled, the data can be transformed into an image by using a 2D Fourier transfor-
mation. An example of this transformation is shown in figure 2.5.
Speeding up Data Acquisition (Parallel Imaging)
Measuring a complete (3D) image can be very time consuming. For instance when captured 
line by line and having repetition times (the time needed to record a single line in k-space) 
up to 3000 ms, it may take around 13 minutes to record an MR image having 256 lines. In 
comparison to the first MR image (fig. 1.1), which was captured pixel by pixel in almost 
5 hours, this is already a significant reduction in scan time, but current clinical practice, 
avoiding patient discomfort, and motion artifacts within the images, much shorter acquisi-
tion times are required. 
Figure 2.3: Simplified representation of 
slice selection using gradients. In the upper 
figure all spins are rotated towards the x,y-
plane, as all spins experience the same field 
strength. In the bottom figure spins experi-
ence di£erent field strengths imposed by the 
linear gradient. When an RF pulse is given, 
only spins experiencing the same Larmor 
frequency will be rotated towards the x,y –
plane. In this case a slice is selected.
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Many pulse sequences have been developed for this purpose. One way to reduce the 
image acquisition time, is by using the physical position of RF coils. When these coils can 
capture signals independently, gradient steps can be reduced with a minimal reduction of 
SNR. This significantly reduces the required amount of repetitions needed to fill k-space, 
hence reducing scan time. Special reconstruction techniques like SENSE or GRAPPA can be 
used to reconstruct these images (Griswold et al., 2002; Pruessmann et al., 1999). Of course 
other methods have been implemented in practice, but these are beyond the scope of this 
thesis. For more information about these methods the reader is referred to the Handbook 
of MRI Pulse Sequences (Bernstein, M.A. et al., 2004).
Acquiring Signals from Metabolites (MRS)
Next to water, the body contains other molecules that can be measured by MR spectros-
copy. The MR visibility of those other molecules depends on their chemical structure and 
concentration. Most of these molecules are metabolites that take part in biochemical 
Figure 2.4: A simplified representation of a 2 dimensional MR image acquisition scheme. On the le a gradient 
echo acquisition scheme is shown. On the right the data space (k-space) for the gradient echo scheme is shown. The 
dotted lines show the movements through k-space according to the gradients used in the acquisition scheme. This 
example only shows 5 repetitions (yellow, green, red, blue and purple), each MR image needs many more repetitions 
to fill a full k-space to get su£icient detail within an MR image.
Figure 2.5: All acquired MR data are 
converted into an image by a 2 dimen-
sional fast Fourier transformation. 
(Source: http://www.yalescientific.org/)
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processes in the body. Concentrations of these metabolites, and to some extend their 
conversion from one molecule into another, can be measured by MRS. 
However, to be able to see metabolites by 1H MR spectroscopy, it is necessary to look 
beyond the high water signal (fig. 2.6). The concentration of water (50 M) is approximately 
11000 times higher than the concentration of the MR visible metabolites. As the water 
signal may overlap with the signals of the metabolites it needs to be ‘removed’ from the 
spectrum of interest. This can be achieved by suppressing the water signal by special RF 
pulses. Once the water signal is su£iciently suppressed, several metabolites become visible 
Figure 2.6: The spectra (A-C) show that suppression of the large water signal reveals the metabolites containing 
protons. Concentrations of these metabolites are much lower (~11000) than the water signal. These figures show 
a typical 1H spectrum of the gray matter in the human brain. A typical 31P spectrum (D) of the human brain is also 
shown. It is clear that both spectra have distinct peaks, but it is less clear that both spectra show the same metabo-
lite, to be Phosphocreatine (PCr). 
Annotation 1H-spectra: 1) water, 2) N-Acetyl Aspartate, 3) total Creatine (sum of Creatine and Phosphocreatine), 4) 
total Choline, 5) Myo-inositol, 6) Glutamate and glutamine, 7) Glutamate, 8) Glutamine and 9) Lactate. 
Annotation 31P-spectrum: a) Phosphocreatine, b) Adenosine triphosphate (1-γ, 2-α & 3-β), c) glycerol-phosphoryl-
choline, d) glycerol-phospho-ethanolamine, e) inorganic phosphate and f) phosphor-ethanolamine
23
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in a frequency spectrum (fig 2.6). The visibility of each MR observable metabolite depends 
on the concentration of the metabolite and on the overlap with other metabolites (fig 5.3). 
Moreover, the position of these peaks in a spectrum depends on the chemical environment 
(electron cloud) of the corresponding proton(s) (eq. 2.5), causing shielding of the main 
magnetic field by a shielding factor σ. 
ω = γ ∙ B0(1 - σ) (2.5)
Detecting tiny di£erences in shielding between di£erent protons in a molecule is widely 
exploited in chemistry, as it allows the study of chemical structure of molecules. However, 
the exact resonance frequencies depends on the magnetic field strength. Therefore a field 
strength independent measure is being used in spectroscopy, which is called chemical 
shi (δ) and is expressed in parts per million (ppm) (eq. 2.6).
δ =
ω - ωref
∙ 106 (2.6)
ωref
Whereas the chemical shi defines the position of the MR signal of a particular proton in 
a molecule, the amplitude of that MR signal is defined by the amount or concentration of 
the molecule. As metabolites do not have equal concentrations, their peaks in a spectrum 
have di£erent positions as well di£erent amplitudes (fig. 2.6). 
For spectroscopy it is also of interest to localize MR signals to a pre-defined region. Simi-
lar to imaging, frequency-selective pulses in combination with magnetic field gradients are 
used to select this region of interest. However, as the resonance frequency slightly di£ers 
for each metabolite (chemical shi) the location from which the signal arises may di£er 
too. This chemical shi displacement error gets larger at higher field strengths (fig. 2.7), but 
can be minimized using special RF pulses.
Acquiring Signals from non-Proton Nuclei
There are more nuclei that have a magnetic moment (table 2.1) and that can be detected 
by MR spectroscopy. For example Phosphorous (31P) and Carbon (13C) are frequently used 
for in-vivo MR spectroscopy studies. Both can provide complementary information with 
respect to 1H MRS. An attractive property of 31P is its natural abundance of 100%. Unfor-
tunately, the sensitivity of 31P is much less compared to 1H. The advantage of capturing 
31P signals over 1H signals is that 31P containing molecules involved in energy metabolism 
and cell membrane turnover can directly be monitored. Moreover, 31P-spectra are less 
complex and show distinct peaks of only a few metabolites, which are phosphocreatine 
(PCr), adenosine triphosphate (ATP, three peaks: α-, β- & γ-), in-organic phosphate (Pi) and 
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the phosphor mono- & di-esters (PME & PDE) (fig. 2.6). In addition the intracellular pH can 
be determined from the shi of Pi with respect to the frequency of PCr.
Also the 31P metabolites will precess at the frequency depending on their gyro-magnetic ratio 
and specific chemical shi when they experience an external magnetic field (equation 2.2 and 
2.4). To acquire signals from those metabolites, the same MR principles are valid as described 
before, but as the Larmor frequency is approximately 2.5 times lower, an MR coil must be opti-
mized to that specific frequency. Next to 1H, 31P spectra are considered in this thesis, therefore 
a dedicated RF coil setup was developed being able to capture MR signals from both nuclei. 
Nuclei such as 13C, have a much lower natural abundance, therefore it is common to use, 
or inject, an external source that is enriched by these nuclei.
Figure 2.7 Visual representation of the chemical shi displacement error for the water signal. The white box shows 
the area of interest selected by gradients and the RF pulse, centered 2.5 ppm away from the water signal (for two dif-
ferent pulse sequences: PRESS – le, semi-LASER – right). The green and red regions show the intensity of the water 
signal at the location inside the brain. Note that the intensity is shied as a result of the chemical shi. Adapted from 
(Scheenen et al., 2008).
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Enhancing Signals (J-Coupling and NOE)
Apart from chemical shi the resonance frequency of a nucleus may be influenced by inter-
actions with nearby spins. Two di£erent forms of interaction exist: through-space dipolar 
coupling and through-bond scalar coupling. This latter phenomenon is called J-coupling 
and can be seen in a spectrum as the splitting of resonances into several smaller peaks of 
a single metabolite. The number of splitted peaks depends on the amount of 1H atoms that 
are bonded to another atom. For instance, if there is a CH2 group present, the spectrum 
would show a triplet having a ratio of 1:2:1, and in case a molecule contains a CH3 group, 
than a quartet in the ratio 1:3:3:1 would be seen. By applying high-power broad-band 1H 
pulses during 31P signal acquisition, the splitting of the peaks can be resolved and the 
spectral resolution can be improved. 
The other mechanism involves the magnetic coupling of each spin with nearby neigh-
bours, i.e. 1H atoms can influence 31P atoms and vice versa. It can be exploited by applying 
low power 1H pulses to saturate the water resonance in between 31P signal acquisitions. 
The magnetization of the saturated water protons is then transferred to 31P atoms via 
dipolar relaxation processes, increasing the steady-state magnetization of the 31P nuclei, 
resulting in an enhancing of 31P metabolite signal intensities. This is called the Nuclear 
Overhauser E£ect (NOE).
Data Acquisition with Multiple Coil Elements
MR signals may be acquired by a single loop coil, but multiple elements can be used as 
well. The amount of coil elements depends on the number of receive channels of the avail-
able MR system. For each coil design a trade-o£ has to be made between loop size and the 
number of elements used to retrieve the desired sensitivity. 
If only a single receive channel is available it is possible to combine two coil elements 
and receive signals in quadrature. The only restriction for this is that both elements must 
be positioned perpendicular to each other. The MR signal will then have a phase shi of 
900 between both elements. Delaying one of those signals will cause them to interfere 
constructively, which results in a √2 stronger MR signal. This principle can also be utilized 
for signal transmission, in which case less power is needed to flip the spins away from the 
main magnetic field direction. 
If an MR system has multiple receive channels, it may be favourable to use an array of 
receive-only coils to fully benefit from the increased sensitivity from the individual acting 
coils, also for spectroscopy. More information about the design and construction of such 
coils can be found in chapter three. 
Signal acquisition for MR spectroscopy using multiple coils basically follows the same 
principles as for MR imaging, only combining the captured signals is slightly di£erently. 
In brief, for each acquired voxel (volume pixel) by multiple coils, the SNR and phase of 
the first point(s) in the FID are determined. This SNR and phase of each coil element is 
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Figure 2.8: MRSI dataset acquired with four di£erent coils. Coils were positioned around the brain, with two coils at 
each side. In the upper and bottom rows the individual MRSI data are shown as if they were acquired with a single 
coil element. In the middle the combined data is shown. Independently phasing the spectra from each receiver and 
weighting also helps improving SNR in the voxels that are located at a greater distance from the coil elements. This 
image is adapted from (Wright and Wald, 1997)
used to construct a phasing and weighting function for summation. This function should 
di£erentiate between voxels close to the coils, which have higher SNR and should thus 
have more weight during summation than for voxels at further distance. This principle is 
demonstrated in figure 2.8. 
Recently, a new algorithm for signal combination in MR spectroscopic imaging (MRSI) 
was proposed by Rodgers et al. The idea of using multiple coil elements is to acquire data 
by each element individually. When captured signals (including noise) correlate, SNR 
can be degraded, which is unfavorable as receive channels should ‘see’ the same signals 
individually. To un-correlate the captured noise, a pre-whitening step is proposed (Rodgers 
and Robson, 2010, 2015).

3
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This chapter focuses on the basic properties of RF coils. Included is an overview of the RF 
coils used for this thesis and how to engineer and construct such coils. It is beyond the 
scope of this thesis to explain all aspects related to RF coils. For a more extensive explana-
tion including tips and tricks for coil development, the reader is referred to the book NMR 
Probe design written by Mispelter and colleagues (Mispelter et al., 2006).
One chapter of this thesis describes the design and construction of a coil setup for an 
ultra-high field MR system. The coil design for such a system is complex to design, especially 
for multi-nuclei (MN) coils as these coils must be able to transmit RF pulses and receive MR 
signals at multiple frequencies.
Introduction to an RF Coil
An RF coil can be seen as the interface between the MR system and the patient. A coil is 
needed to transmit (TX) and to receive (RX) RF signals in an MR system. A single coil can 
perform this task perfectly, but in some cases it may be better to separate the TX and RX 
functions. For instance when larger volumes can be excited, in case a body is present, or 
when an uniform excitation pattern is required. Such coil is usually less beneficial to use 
as receive coil, as signal-to-noise (SNR) during reception is degraded. To increase SNR it is 
better to use a local receive coil, or an array of coils, which only receive the signals. 
The laws of electricity and magnetism perfectly describe the principles needed for a coil. 
These laws are also known as Maxwell’s equations. Where the consequence of Faraday’s 
Law forms the basis for an RF coil: an electrical current is induced in a conducting loop 
when it is placed in, or in the presence of, a time-varying magnetic field. The other way 
around holds too; a time-varying magnetic field can be created in the neighborhood of 
a conducting loop when it is driven by an electrical current. In other words, whenever an 
electrical current flows through a conductor, it will create a magnetic field surrounding the 
conducting element and when a time-varying magnetic field passes through the loop an 
Figure 3.1: Illustrating the dependence between an electrical current (red) and the magnetic field (blue) . Any elec-
trical current would produce a magnetic field in its surrounding, and vice versa. Pictures adapted from: https://
penguinphysic.wordpress.com/tag/induced-electromotive-force/.
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electrical current will start to flow through the conductor (fig 3.1), also following ohm’s law. 
Hence, the basic element of each MR coil is a wire or other conducting element.
Those principles are either used to transmit (creating a magnetic field, RF pulse) and 
rotate the spins away from the main direction of the magnetic field (fig 3.2), and to receive 
the signals (current induced in conducting loop) when spins rotate back to equilibrium. The 
direction of this applied magnetic field (B1) must be perpendicular to the direction of B0. 
Within a magnetic field spins precess at the Larmor frequency (eq. 2.3). The RF pulse to 
manipulate M0 should match the Larmor frequency, as only those spins resonating at that 
specific frequency will be rotated towards the plane perpendicular to the main magnetic 
field. Therefore a coil needs to be tuned to the desired frequency, for which an additional 
element is required (a capacitor).
In most clinical systems an RF coil optimized at the 1H-frequency is integrated within the 
bore of the system. This coil is used to manipulate the net magnetization in the subject to 
localize the region of interest, for instance to create a background image or to optimize 
the system settings. This so-called bodycoil was not installed in the ultra-high field system 
at the time the experiments described in this thesis were done. Simulations of a standard 
bodycoil for such MR system showed that excessive RF energy would be deposited in the 
body, moreover inhomogeneous RF fields would be created in the body too (Vaughan, 
2009). At that time a dedicated coil setup was needed for each specific part of the body, 
which was at least optimized for the proton frequency. For MR spectroscopy at other fre-
quencies than 1H an additional coil optimized for other resonance frequencies is required 
too, for some applications a coil could be optimized to manipulate signals at both Larmor 
frequencies simultaneously. 
Figure 3.2: Rotation of net magnetization in a labora-
tory frame from the direction of the main magnetic field 
into the plane around the main direction. To move the 
net magnetization from the main direction, an RF pulse 
must be played at the Larmor frequency to rotate it into 
the plane around the B0-field. Adapted from (De Graaf, 
R.A., 2007)
33
INTRODUCTION TO RF TECHNOLOGY IN MRI AND MRS
C
ha
pt
er
 3
Coil Types
A coil engineer can choose from many di£erent types of coils, each having its pros and 
cons. Here the types are introduced and discussed that are used in this thesis: a surface coil 
(array), a birdcage coil and a dipole antenna. 
For more information about coils like a Solenoid, a Helmholtz, a Alderman-Grant or 
a Bollinger coil, the reader is referred to the book NMR Probeheads for Biophysical and 
biomedical experiments (Mispelter et al., 2006). 
Surface Coil
The surface coil was first introduced in 1951 (Suryan, 1951), but only aer a publication in 
1980 its usage became popular and its design has been improved significantly (Ackerman 
et al., 1980). Now, it is the most commonly used detector in MR. There are three reasons for 
this success. Firstly the coil can quite easily be positioned above or on the region of interest. 
Secondly the inhomogeneous magnetic field produced or detected remains close to the coil 
structure itself, thus it only ‘sees’ structures nearby. Lastly, such coil is fairly easy to construct. 
A surface coil usually has a circular structure, but could have any shape. It detects or emits 
magnetic fields in the near-field region (distance ≤ wavelength) (fig 3.2). Its size depends 
on the object or organ of interest (fig. 3.3). Di£erent sizes reflect di£erences in SNR and in 
object visibility. A rule of thumb: the larger the diameter (d) of the coil, the more it can ‘see’. 
This maximum penetration depth (ς) can be estimated by the quasistatic optimization rule 
(eq. 3.1) (Edelstein et al., 1985; Chen et al., 1989; Roemer et al., 1987). 
ς = 1‒2 √5 ∙d (3.1)
But as the coil becomes larger, intrinsic losses become bigger too, degrading SNR of the 
MR signals. Generally, the noise in the coil is influenced by three factors: first the tempera-
ture of the coil (Tcoil), second the bandwidth (BW) of the experiment and third the e£ective 
losses (Re) (resistance) in the coil. Provided the noise is considered as white noise, having 
a null mean value and a mean square value, a value can be calculated using thermody-
namics (eq. 3.2).
noise∝ √4 k Tcoil BW Re (3.2)
where the e£ective resistance can have several causes (eq. 3.3): resistance in the conduc-
tor or soldering joints (RC), or resistance due to magnetic losses (RM), or resistance due to 
electrical losses (RE), where the latter two mainly represent ‘losses’ from the sample, or 
tissue as the coil couples to the tissue.
Re = RCoil + RTissue = RCoil + RM + RE (3.3)
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Whenever sample losses dominate coil losses, most RF power is deposited into the 
sample instead of converting into heat (during TX) or degrading SNR (during RX). When 
covering larger parts of the body, for instance for signal receiving, it is much more e£icient 
to use multiple smaller coils in an array (Keil and Wald, 2013; Kumar et al., 2009; Roemer et 
al., 1990; van de Bank et al., 2013; Petridou et al., 2013).
The inhomogeneous nature of the produced fields by a surface coil is disadvantageous 
for using it as a transmit coil, but when using it as a receive-only coil, SNR can be increased 
as only nearby structures are visible. However, when it is used as a receive-only coil it is 
necessary to detune (bring o£-resonance) the coil during signal transmission, to avoid 
potential hazardous situations. 
Array Coils
The benefit of an array of surface coils is that the combination of the individually func-
tioning coils can outperform a single, larger coil (Roemer et al., 1990), especially when ex-
ploited as a receive-only array. Current MR systems usually have multiple receive channels 
Figure 3.3: Examples of coils. Le: two di£erent surface, or loop, coils are shown: a bigger and a smaller one. The 
bigger one can see deeper inside the tissue and also visualize larger structures. The smaller one ‘sees’ less, but could 
see it better as intrinsic losses are smaller and hence SNR is higher (Fu et al., 2007). Right: four very small surface 
coils are combined to an array coil. Each coil can still ‘see’ very well only at limited positions, but combined visibility 
is expanded over a larger area (Petridou et al., 2013).
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available, enabling simultaneously signal acquisition through multiple receive elements. 
Unfortunately, using an array of multiple elements also increases technical challenges. 
Several precautions have to be taken to make this coil work, as each element must func-
tion individually at all times. 
Crosstalk, the correlation of noise between elements should therefore be minimized as 
much as possible. As all individual coils are tuned to the same Larmor frequency, each 
element can contribute to the noise of another neighbouring element through mutual 
coupling (or mutual inductance). This coupling can be minimized by overlapping the ele-
ments, or decoupling the coils. When the overlap approximates 10% of the total surface, 
its mutual inductance is minimized (and hence also the coupled noise contribution). 
However, this principle can only be used for a maximum of three coils. If an array consists 
of more than three coils, additional circuitry must be utilized to minimize coupling. An 
oen used solution is using the impedance of the pre-amplifier to decouple the individual 
coils. For more details and practical information the reader is referred to the publication 
Massively parallel MRI detector arrays (Keil, B., Wald, L.L., 2013.).
Birdcage
When larger 3D ‘objects’ must be examined, it is more favourable to use volume coils, which 
can cover a greater volume and may excite MR signals homogeneously over the complete 
object; having an equal rotation of the net magnetization away from the main magnetic 
field everywhere within the sample. This can be achieved by using a volume resonator, e.g. 
the birdcage. This coil type was introduced in 1985 (Hayes et al., 1985).
The birdcage coil looks very complex, but is essentially a combination of several opened 
surface coils (fig. 3.4). Instead of using a circular coil, a square coil could be used as basis. 
The opposite conductors are divided around a 3D object, in this case the tube, becoming 
the end rings, and the other two opposite conductors positioned between the end rings, 
becoming the rungs (or legs). This principle can be expanded to the other rungs as well, 
where each ‘coil’ uses the end rings for connecting the rungs.
The combination of multiple surface coils interconnected within a single coil design, is 
fairly complex to design and to construct as it should be able to produce a homogeneous 
RF field. The frequency of the homogeneous RF field produced by this coil depends on 
the position of the capacitors for tuning. These can be placed in the end rings (lowpass 
design), or can be placed in the legs (high-pass design) (or in both (bandpass design)). The 
reason for this is to be found in the combined structure of multiple surface coils, which 
leads to multiple resonance frequencies present within this design. The homogeneous 
mode of the coil is either the highest frequency (low-pass design) or the lowest frequency 
(high-pass design). 
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Dipole Antenna
Alternating currents at the Larmor frequency inside a conductor can create wave pat-
terns inside the conductor, thereby creating inhomogeneous magnetic fields around the 
conductor. At lower frequencies, wavelengths are long enough to avoid wave patterns 
inside the conductor, but at higher frequencies these wave patterns could exist within the 
structure. This would lead to very inhomogeneous time varying RF fields close to the coil, 
reducing the maximum RF field strength and diminishing the homogeneous magnetic field 
in the center of the coil. This is illustrated by the following example. Suppose a loop coil 
is designed with a circumference of approximately 16 cm (diameter of 5 cm). The length 
of the conductor equals a quarter of the wavelength at the Larmor frequency of 1H at 7T, 
hence creating a magnetic field surrounding the conductor at the antinodes, and no mag-
netic field at all at the nodes (table 3.1). Therefore other electronic structures are required 
to excite and to receive the MR signals at higher magnetic field strengths, like 7T. In this 
case instead of a coil an antenna could best be used. 
A dipole antenna is one of the simplest antennas and consists of two identical, straight, 
conductive elements, positioned in opposite directions (fig. 3.5). The length of the con-
ducting elements determines the resonance frequency of the antenna. In our experiments 
we exploited a dipole antenna with meandering structures at each end. These meandering 
structures improve decoupling between individual elements, when positioned in an array. 
They also have a larger RF penetration depth and a higher intrinsic SNR (Orzada et al., 
2009). This antenna is quite oen referred to as a strip-line, but this is an incorrect term.
Figure 3.4: The design of this coil is deducted from the classical birdcage (shown le). The object or sample of 
interest should be positioned inside the birdcage. To fit a larger 3D volume, i.e. a human head, bottom- and topside 
are opened. On the right a 3D model of a birdcage coil with 8 rungs is shown, as it was designed for the coil setup 
presented in chapter four. Source (le): http://daily-dew.com/wp-content/uploads/2013/07/birdcage.png
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Creating a Coil
As discussed in the previous chapter, multiple nuclei can be measured with MR (table 2.1), 
where each nucleus resonates at its own Larmor frequency. To rotate the nucleus of inter-
est from the direction of the main magnetic field into the plane perpendicular to the B0 
field, an RF pulse having the exact same Larmor frequency is required. To produce such RF 
pulses, an RF coil needs to be tuned to that specific frequency (f). 
These RF pulses, or RF field, or B1-field, can be created by driving a time-varying cur-
rent through the coil wire (conductor) to produce an electromotive force (EMF) following 
Faraday’s law. The shape of a coil can be as simple as having a wire wound as a single loop, 
to direct the magnetic field towards the tissue. 
Figure 3.5: Picture (A) and sketch (B) of a symmetrically fed meander dipole antenna (Orzada et al., 2009). 
Table 3.1: Example of wavelengths in a coil for di£erent resonance frequencies. At higher field strengths wave-
lengths become shorter and start to produce inhomogeneous magnetic fields, resulting from current wave patterns 
inside the conductor.
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The overlay is determined for the wavelength in a loop coil having a diameter of 5 cm (circumference 15.7 cm (d)). 
The percentage represents the part of the wave pattern present inside the inductor. At higher field strengths wave-
lengths become shorter and a larger part of the wavelength could be present inside the inductor. This inhomoge-
neous current distribution is also shown graphically in the column at the right. Below the wavelength is shown.
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However, only a conductor itself is not a coil as it cannot be tuned to a single frequency; 
therefore a capacitor needs to be added into the electrical structure. Depending on its 
frequency, multiple capacitors can be used, where an additional trimmer (variable capaci-
tor) can be used to fine-tune the loop to the exact frequency. The resonance frequency of 
such coil can be measured or calculated (eq. 3.4), in the latter case the total inductance 
must be known.
f =
1
 (3.4)
2pi √ L∙C 
Quality of a Coil
Each electronic device has losses, for instance caused by the internal resistance of the in-
ductor. The longer the inductor wire, the higher the losses will be. A schematical represen-
tation of a coil is shown in figure 3.6. This is a simplified drawing of the electrical structure 
of the coil. In this schematic two resistors are drawn. One of these resistors represents the 
intrinsic losses of the coil (RCoil). The other resistor represents the patient (RTissue). Both are 
not actually present inside the circuit, but are used to determine the e£iciency of the coil. 
The length of the inductor and the soldering joints can increase intrinsic losses (eq. 3.3). 
These losses should be as small as possible to minimize heating of the coil when transmit-
ting signals, or to minimize noise levels when receiving signals (eq. 3.2). 
The intrinsic resistance of such a coil can be determined by assessing the quality factor (Q-
factor) (eq. 3.5). To do this a network analyzer is required. The coil engineer has to locate the 
resonance frequency and its BW, the points where the amplitude is reduced by 3 dBs. Then the 
Q-factor and the associated losses (RCoil) within the coil can be derived, i.e. these intrinsic losses 
should be as low as possible to have a high Q-factor (> 100 is preferred). This procedure should 
be executed in an unloaded situation, i.e. when the coil is not positioned at the tissue.
Figure 3.6: Simple schematic of an MR coil. LCoil and CTune are the inductance and the capacitance of the reso-
nant loop. The dimensions and hence the inductance of LCoil are fixed as these are typical for a certain application, 
therefore a coil can be additionally equipped with a variable capacitor (trimmer) to be able to fine-tune the coil to 
the exact Larmor frequency when positioned on the subject. Each electronic circuit has its own resistance, here 
displayed as RCoil. RTissue represents the amount of energy going into the tissue. The ratio (RCoil+RTissue)/RCoil 
should be three or higher, since the higher ratio represents a larger energy deposition in the tissue, which reflects a 
more e£icient coil. In this schematic a matching network has been le out.
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Q = f = f = 2pif ∙ L  (3.5)
BW ∆f- 3dB RCoil
When the coil is positioned at the region of interest it couples to the tissue. In this loaded 
situation the Q-factor decreases as resistance increases. This situation is favourable as the 
coil should be able to deposit its magnetic energy into the tissue when transmitting, or to 
receive as much MR signal in case it is receiving signals. This situation is depicted as an 
additional resistor inside the circuit (RTissue). As a general rule of thumb a ratio (Qunloaded/
Qloaded) of more than 3 is preferred (eq. 3.6).
Qunloaded =
RCoil + RTissue (3.6)
Qloaded RCoil
Safety
A major concern in MRI is the impact of the strong magnetic field. Does it influence the 
health of people undergoing an MR exam and those who are working with MR? Research 
showed that working in a strong static magnetic field is harmless for people. Reported bio-
logical e£ects for working in static fields in and around MR scanners are dizziness, nausea, 
headaches, a metallic taste and visual disturbances. Since 2009 the European guidelines for 
a safe working environment has accepted a 2T ceiling, but accepts in controlled situations 
peak exposures of up to 8T (McRobbie, 2012). Magnetic field gradient switching and the 
transmission of RF pulses can potentially be harmful (McRobbie, 2012, Schenck, 2000). The 
Federal Communication Commission (FCC) has set upper limits to the risetime of magnetic 
field gradients, as they can cause peripheral nerve stimulation (involuntarily movement). 
RF power deposition is limited by an o£icial IEC-directive (IEC60601-2-33, 2012), which sets 
maximum RF power levels for di£erent parts of the human body, as prolonged or intensive 
exposure can cause tissue heating, which are mainly caused by electric fields. This last 
restriction is of great importance when designing and constructing MR coils. Those regula-
tions are used and accepted by the manufactures, where the International Commission 
on Non-Ionizing Radiation Protection (ICNIRP) gives scientific advice and guidance on 
the health and environmental e£ects of non-ionizing radiation to protect people and the 
environment from detrimental NIR exposure (Vecchia, P. et al., 2009, ICNIRP).
Resonance frequencies scale linearly with magnetic field strength (eq. 2.3), and the ac-
companying wavelengths scale inversely proportional to it. Thus at lower field strengths 
the wave patterns of currents producing the RF field are longer (table 3.1). In this case only 
part of the wavelength would fit inside the conducting wire, resulting in a homogeneous 
distribution along the inductor. An engineer can steer or distribute the current interfer-
ence inside the conductor by positioning the capacitors, because only at the capacitors 
the current is discontinued, thereby creating electric fields at those exact spots. As those 
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fields are hazardous, isolation of the capacitors from the tissue reduces the risk of heating. 
Distributing smaller capacitors equally over a coil as opposed to using one larger value 
also distributes the electric field contributions of the current, making the contribution to 
heat dissipation of each capacitor smaller. 
However, at higher field strengths this is more complicated. Increased overlap between 
wave patterns produced by a current and the length of the conductor are present (table 
3.1). This could degrade coil performance or make the coil start to function as an antenna. 
In the latter case it is not only producing magnetic fields, but also emitting electric fields. 
Those electric fields are not located to capacitors anymore, but could rather deposit their 
Figure 3.7: (a-d) RF deposition using a body coil inside an ultra-high field system. This figure illustrates that power 
deposition inside a 7T scanner is not bound to the location of the coils, but is rather emitted to the extremities, 
including the head. Raising the risk of tissue heating at a distant location is an unfavourable and unsafe situation. 
Therefore no body-coil is present within a 7T MR system. Adapted from (Vaughan, J.T. et al., 2009). (e-f) Voxel-based 
SAR simulation inside the head of a male (e, 1.74 m, 70 kg) and a female (f, 1.6 m, 58 kg) head model centered in a 
head coil (Bitz et al., 2011).
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energy somewhere else instead of at the desired region, perturbing the tissue and causing 
heat, not only superficial, but also within the body. 
But whenever the magnetic and electric fields enter the body, wavelengths are altered 
due to the change in propagation speed inside the tissue. As a result wavelengths become 
even shorter than in the conductor and decreasing RF field homogeneity due to interfer-
ence patterns (fig. 3.7). At 7T the wavelength of the RF field for 1H is approximately 10 cm, 
comparable to the width of the neck. 
RF heating risks are more pronounced at higher field strengths. They depend on the total 
RF power deposition and the duration of the exposure. The tradeo£ for those risks is between 
a short burst of high RF power (which is limited already) and between longer exposures with 
less RF power. Exposure ratings that are considered safe are regulated by the FCC in the 
Specific Absorption Rates (SAR) (IEC60601-2-33, 2012), which are set for certain body regions 
for two specific durations, a ten-second and a six-minute examination, see table 3.2. 
Unfortunately, SAR cannot be measured directly by MR. However, through temperature 
mapping, (local) hotspots can be found and may be related to an excessive RF power depo-
sition, but relating this power deposition to tissue heating is very challenging to test in hu-
man subjects. Instead a simulation can be made and when combined with a measurement 
on a phantom an engineer can confirm that the coil is acting within the regulations, by 
mapping the RF transmission fields through phantom measurements, thereby confirming 
the simulations of RF power depositions in the human body. Results of a SAR simulation 
for an 8-element meander dipole antenna head coil are shown in figure 3.7 (e, f), next to the 
SAR simulations for a body coil inside a 7T MR system.
Table 3.2: SAR regulations
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Head (c) trunk Extremities
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e Normal 2 2 – 10 3.2 10 10 2
1st level controlled 4 4 – 10 3.2 20 20 40
2nd level controlled > 4 > (4 – 10) > 3.2 > 20 >20 > 40
Short duration 
The SAR limit over any 10 s period shall not exceed two times the stated 
values
Note: All values are based on an averaging time of 6 minutes and given in W/Kg. 
(a) Local SAR is determined over the mass of 10 g. 
(b) The limit scales dynamically with the ratio “exposed patient mass / patient mass”: 
(c)  In cases where the orbit is in the field of a small local RF transmit coil, care should be taken to ensure that the 
temperature rise is limited to 1 °C.
NORMAL OPERATING MODE:
Partial body SAR = 10 W/kg – (8 W/kg * exposed patient mass / patient mass)
FIRST LEVEL CONTROLLED OPERATING MODE: 
Partial body SAR = 10 W/kg – (6 W/kg * exposed patient mass / patient mass)
(IEC 60601-2-33, 2012)
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Abstract 
The design and construction of a dedicated RF coil setup for human brain imaging (1H) 
and spectroscopy (31P) at ultra high magnetic field strength (7T) is presented. The setup 
is optimized for signal handling at the resonance frequencies for  1H (297.2 MHz) and 31P 
(120.3 MHz). It consists of an 8-channel 1H transmit-receive head coil with multi transmit 
capabilities, and an insertable, actively detunable 31P birdcage (transmit-receive and 
transmit-only), which can be combined with a 7-channel receive-only 31P array. The setup 
enables anatomical imaging and 31P studies without removal of the coil or the patient. 
By separating transmit and receive channels and by optimized addition of array signals 
with whitened singular value decomposition we can obtain a 7-fold increase in  SNR 
of 31P-signals in the occipital lobe of the human brain compared to the birdcage alone. 
These signals can be further enhanced by 30 ± 9% using the Nuclear Overhauser E£ect 
by B1-shimmed low-power irradiation of water protons. Together, these features enable 
acquisition of 31P MRSI at high spatial resolutions (3.0 cc voxel) in the occipital lobe of the 
human brain in clinically acceptable scan times (~15 minutes).
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OPTIMIZED 31P MRS IN THE HUMAN BRAIN AT 7T
Introduction
For many years now, examining the local distribution of metabolites containing 31P-atoms 
in the human brain has been done non-invasively by in-vivo 31P magnetic resonance 
spectroscopic imaging (31P-MRSI) (Hugg et al., 1992). This can give insight in determining 
or understanding specific metabolic processes, like energy metabolism or cell membrane 
turnover. Metabolites of interest for these processes are phosphocreatine (PCr), adenosi-
netriphosphate (ATP), in-organic phosphate (Pi) and the phospho mono- & di-esters (PME 
& PDE), which can be directly observed in-vivo by phosphorus (31P) spectroscopy. 
The sensitivity of the 31P nucleus is lower compared to the 1H nucleus (γ1H/ γ31P = 2.4), but 
both improve with increasing B0. Moreover, 1H B1 homogeneity becomes a real challenge in 
larger volumes at higher field strengths (≥7T), but this is less so for 31P. Rodgers et al found 
a 2.8-fold increase for 31P-MRS in the human heart when going from 3T to 7T (Rodgers et al., 
2014). The complexity of spectral patterns of 31P-MRS is reduced compared to 1H spectra, 
because fewer metabolites have a 31P-nucleus present, and fewer resonances overlap. 
Dedicated hardware is needed to detect MR signals from 31P nuclei. A clever design of this 
hardware can contribute to an improved signal-to-noise ratio (SNR) for detection of these 
signals. Radio frequency (RF) surface coils, regardless of their operating frequency, have 
been frequently used for their excellent, albeit spatially constrained SNR (Wright and Wald, 
1997). A drawback of RF surface coils is their inhomogeneous B1 field, requiring complex 
high-power adiabatic pulses to homogeneously excite a region of interest (ROI) close to the 
coil (Tannus and Garwood, 1997b). Instead, a fairly uniform flip can be achieved by using 
volume coils, of course depending on the size of the sample and the operating frequency 
of the coil. This enables the use of short hard pulses instead of longer adiabatic pulses, as 
showed by Avdievich and Hetherington at 4T (Avdievich and Hetherington, 2007). When 
separating the excitation and reception of MR signals by designing a volume RF coil for 
excitation and a receive array for acquisition, adiabatic pulse shapes can be avoided and 
excellent SNR can still be achieved by receiving with small elements (Keil and Wald, 2013; 
Rodgers et al., 2014; Roemer et al., 1990; Wright and Wald, 1997). The signals from each 
of these elements must then be combined optimally, which can be achieved with the 
whitened singular value decomposition (WSVD) method (Rodgers and Robson, 2010, 2015).
The 31P RF coil setup needs to be integrated into another RF coil that handles 1H signals. 
In di£erence to clinical MR systems (at B0 ≤ 3T), no whole body RF coil is provided as stan-
dard within human 7T systems (Vaughan et al., 2009). Therefore, local 1H RF coils must be 
employed to excite the proton spins and receive their signals, to obtain anatomical images 
and to be able to optimize the field (B0- and B1-shimming). The short wavelengths produce 
inhomogeneous RF fields, these destructive interferences can coincide within a region of 
interest (ROI) decreasing signal intensity at the desired location. When using multiple TX 
coil elements, it is possible to adjust the transmitted RF-field by changing input phases 
and amplitudes of the RF pulses to remove (or shi) these interferences outside the ROI, 
known as B1-shimming (Metzger et al., 2008). When multiple coil elements are integrated 
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within a multi transmit proton coil it must be assured that local specific absorption rate 
(SAR) hot-spots are minimized and remain within guidelines. If by B1-shimming proton 
signals of water can be irradiated with low RF power, the Nuclear Overhauser E£ect (NOE) 
(Luyten et al., 1989) can be used to increase the steady state magnetization of certain 31P 
nuclei surrounded by water, potentially providing an additional sensitivity to a 31P experi-
ment. This enhancement technique can be used in any organ as long as su£icient power 
to excite the 1H-spins can be delivered to the ROI. Positive NOE-enhancements have been 
reported for prostate and brain 31P MRSI at 7T (Lagemaat et al., 2014; Lei et al., 2003). Other 
techniques, like INEPT, can also be used to enhance signals of the 31P compounds, as has 
been shown for 3T (Klomp et al., 2008; Wijnen et al., 2010a) and even for 7T (van der Kemp 
et al., 2012; 2014). But as these techniques use rather complex sequences with several 
inversion pulses, reaching the correct flip angle and not running into SAR restrictions is a 
major issue. Moreover, T2-relaxation during long spin evolution times at 7T could decrease 
or even negate the polarization gain. 
Our aim was to design and construct an integrated coil setup optimized for e£icient NOE, 
uniform 31P spin excitation and high SNR 31P MRS(I) for 7T. This safety-validated coil setup 
should allow optimization of the 1H transmit field (B1-shimming) and standard 1H imaging 
as well as uniform excitation and acquisition of 31P spins throughout the human brain, 
with a possibility of using an additional local receive array and without removing the coil 
or the patient during an examination. Therefore, we combined an 8-channel (8-CH) multi-
transmit head coil (1H), with a newly constructed and insertable actively detunable volume 
resonator (31P), and developed a 7-CH receive-only array (31P) that improves SNR locally. 
Together with optimized signal addition and the possibility to use B1-shimmed NOE the 
sensitivity of local 31P signal detection is maximized. 
Materials and Methods
RF Coil Design and Construction
The complete coil setup consists of three parts: an 8-CH 1H transceiver array (TXRX), an 
actively detunable 31P volume resonator and a 31P 7-CH Receive-only (RX) array. Note that 
the 31P volume resonator can be used as transceiver (without RX-array) and as transmit-only 
(with RX-array). 
1H TXRX Array
As basis for the complete setup we chose to use an existing 1H head coil designed by 
Orzada et al. (Orzada et al., 2009). This coil has an octagonal shaped construction and 
consists of 8 intrinsically decoupled microstrip elements with meanders that can be used 
in multi-transmit mode (Rietsch et al., 2015). Each element was tuned to the resonance 
frequency of 297.2 MHz and matched to 
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50 Ω when loaded and with the birdcage inserted. Cable traps tuned to the resonance 
frequency of 31P were added to all individual elements.
31P Volume Resonator (TX/RX)
The 31P coil was designed as a birdcage (BC) coil to allow uniform excitation of the 31P sig-
nals in the human brain, which should fit inside the 8-CH head coil. Therefore, we created 
an 8-rung, high-pass design. This design avoids interference of the resonant modes with 
the 8-CH head coil, as the highest useful resonance is the dominant mode (Leifer, 1997). 
This 8-rung design also ensures that the rungs could be positioned exactly between the 
eight 1H microstrip elements (Fig. 4.1).
The BC was created with copper foil (Parker Chomerics CHO-FOIL®, Parker Hannifin Cor-
poration, Woburn, USA) attached to a Plexiglas tube (Øout: 24 cm, length: 25 cm, thk: 0.5 
cm). We enlarged the diameter to 25 cm by opening the tube at one side over the complete 
Figure 4.1: Overview of the complete setup, with detailed representations of the newly designed, detunable 31P 
birdcage insert and 31P receive-only array. A) Schematic representation of the 8-rung high-pass birdcage coil, in-
cluded are details of the tank- and detune-circuits (red box). Capacitor values used to tune and match the birdcage 
coil were: Cm = 15.6 pF, Ct = 13.3 pF, Cc = 27 pF and Cp = 10 pF. B) The octagonal shaped 8-channel 1H head coil was 
used as basis for the insertable, detunable 31P birdcage coil, which could host the additional 7-channel receive-only 
array coil. C) Schematic configuration of the 7-channel receive array. D) A pictorial overview of a single element 
of the 7-channel receive-only array, where each adjacent element is decoupled by overlap and by pre-amplifier 
decoupling.
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length. The opening was fixed by two small Plexiglass parts (l x w: 3.6 x 3.6 cm2), which sup-
ported the end rings. Two rings of copper foil (width: 12.5 mm) were attached to the tube 
with a spacing of 155 mm. Between the end rings, a total of 8 rungs (length: 15.5 cm, width: 
4.5 mm) were placed equidistantly around the tube. A smaller width of the rungs compared 
to the end rings was chosen to minimize distortion of the 1H-field (Fig. 4.2). The BC was 
tuned to 120.3 MHz (loaded), by soldering a total capacitance of 14.7 pF in the end rings be-
tween the rungs, where a capacitance of 16 pF had been determined with Birdcage builder 
(Chin et al., 2002). Two tank circuits were added to each rung. Symmetry was preserved by 
positioning them at both ends. These circuits cause a high impedance at the frequency of 
297.2 MHz, while a low impedance is present at 120.3 MHz, hence minimizing the coupling 
to the 1H-elements and optimizing tuning to the 31P Larmor frequency (Meyerspeer et al., 
2013). Additionally, a PIN-diode was placed in series (Fig. 4.1B) to actively detune the BC 
during signal acquisition and to enable the use of a local receive array coil. 
Figure 4.2: Simulation of proton magnetic field (A-C) and phase (E-G) distribution of the 8 channel head coil, with 
and without the 31P birdcage inserted into the 8 channel setup. (A&E) shows the field and phase distribution of the 
8CH head only, (B&F) shows the distribution when the BC is inserted, in this case the legs had a width of 12.5 mm, 
(C&G) show the distribution when the width of the legs is reduced to 4.5 mm. (D&H) show 1H images of the same 
phantom with the BC present in the setup, the image in (D) corresponds to the simulation result as presented in (C), 
hence showing equal field distribution. In (H) the field distribution is shown with the tankcircuits inserted into the 
birdcage.
The BC coil had 2 ports and was driven in circularly polarized mode (quadrature-mode, 
fixed phase di£erence of 90 degrees between the two ports). Each port was matched to the 
characteristic impedance of the MR system (50 Ω) by increasing the matching capacitors 
to 15.6 pF and by decreasing the capacitors in the opposing end-ring to 13.9 pF. The ports 
were isolated by replacing the capacitors between the matching circuits and the other end 
ring by 27 pF and by reducing the value of both capacitors that were in the same plane to 
8.6 pF. Cable traps tuned to 120.3 MHz to balance the input and to filter common-mode 
currents were inserted between the matching circuit and the connection to the MR system. 
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Array Coil (RX only)
A 7CH receive-only array coil was developed to further improve the SNR of signals aris-
ing from 31P-compounds. Each circular loop (channel) was made from copper wire (wire 
diameter: 1.25 mm2), having a loop radius of approximately 25 mm and having four sym-
metrically distributed fixed tuning capacitors (68 pF each). Each loop was matched to 50 Ω 
(loaded) by placing an additional capacitor (162 pF) in the loop, which was also part of the 
active detuning network. Part of this active detuning is the parallel positioned PIN-diode. 
To create a high impedance at the resonance frequency in the loop a small inductor of 11 
nH was added between the PIN-diode and the matching capacitor (Fig 4.1C). Mutual induc-
tance was minimized by overlapping adjacent loops. Coupling between non-overlapping 
loops was reduced by pre-amplifier decoupling, which transformed the low impedance of 
the pre-amplifier to a high impedance at the coil (Keil and Wald, 2013; Roemer et al., 1990). 
MR Hardware and RF Interfaces
 All experiments were performed on a 7 tesla whole body MR system (Magnetom 7T, Siemens 
Healthcare, Erlangen, Germany). The 8-CH 1H-coil was driven by eight 1 kW RF amplifiers 
(LPPA 13080W, Dressler, Germany), where the amplitude and phase of each channel could 
be altered using a vector modulator, enabling B1-shimming (Metzger et al., 2008). The TXRX 
switches with pre amps were placed in a separate box at the head of the patient table.
A single 8 kW RF amplifier was used to excite the 31P signal (LPPA 13080 W-CAN, Dressler, 
Germany). This signal was divided and phased by a lumped-element quad-hybrid to drive 
the BC in quadrature mode. The 31P receive array was connected to a homebuilt 7-CH receive 
interface box optimized for signal acquisition at 120.3 MHz, where in each receive-path an 
improved tank-circuit (Meyerspeer et al., 2013) was added to trap proton signals. For safety 
we added a PIN-diode breakdown detection circuit to the interface that immediately stops 
the scanner in case a PIN-diode malfunctions or in case a cable is disconnected.
Functionality and Safety Tests
Bench Tests
The BC was tested in TXRX mode and in TX mode. In the latter case, the coil must be detuned 
while receiving the MR signal with the local RX setup. Active tuning was verified by measur-
ing the transmission coe£icient (S12) of the BC, by using two loosely coupled pick-up probes 
that were connected to a vector network analyzer (VNA) (R&HZVL3, Rohde & Schwarz, 
Munich, Germany). This setup was also used to determine the ratio of unloaded-to-loaded 
quality factors (QU/QL) (Hoult and Lauterbur, 1979). 
For the receive array, we assessed active detuning, determined the crosstalk between 
each element, and determined the ratio of unloaded-to-loaded quality factors (QU/QL) for 
each element. Active detuning was checked by switching the currents to the PIN-diode 
between forward and reverse bias, while measuring the e£ect of the S12 response of two 
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pick-up loops that were weakly coupled to the element under investigation. This method 
was also used to determine the Q-factor. Crosstalk between elements was determined 
by connecting the elements under investigation to the network analyzer, probing signal 
through one of the elements and receiving with the other. Note that only the element 
under investigation was tuned and all other coil elements were detuned while performing 
these measurements. 
Simulations and RF Field Measurements
Simulations (CST Studio Suite, CST AG, Darmstadt, Germany) of the setup were made to as-
sess homogeneity of the 1H-field and to investigate couplings between both volume coils. 
Those simulations were performed with and without the birdcage inserted in the 8-CH head 
coil. The receive array was not used in the simulations, but validated with bench measure-
ments. We assumed that existing SAR-simulations for the 8-CH head coil could be maintained 
when field homogeneity was not altered by the insert (Bitz et al., 2011; Orzada et al., 2009). 
We validated these simulations, and the possible additional influence of the 31P Rx array,  by 
assessing the |H|- and |E|-field distributions at both resonances in a phantom filled with head 
tissue simulating liquid (31P: εr = 76.5, σ = 0.78 S/m; 1H: εr = 56.3, σ = 0.98 S/m). Field probes 
(Schmid & Partner Engineering AG (SPEAG), Zürich, Switzerland, Probes: H3DV7 & ES3DV2) 
were used to collect the maps in a sagittal (AP x FH: 190x190 mm2) and coronal (LR x FH: 
160x190 mm2) plane in the phantom. Data were collected every 10 mm while probing through 
the complete coil setup with and without the 31P Rx array insert at the desired frequency (1 W). 
Both planes were positioned along the midline of the phantom (Fig 4.3A). 
31P MR of Phantom and Volunteers
The complete functionality of the coil setup was checked with the following tests: 1) 90° 
flip angle calibration of the BC, 2) determination of the SNR increase of the 31P signal when 
acquiring data with the RX array instead of the BC, 3) obtaining the noise correlation matrix 
of the 7-CH RX array and 4) 1H B1+ shimming with all 31P components present. For these tests 
a cylindrical phantom (diameter 16 cm  and volume ~5L) filled with inorganic Phosphate 
(Pi) (30mM) (and 2% AGAR) was used. For an additional in-vivo test two healthy volunteers 
(Males, 24y & 26y) were scanned aer receiving written informed consent. 
A repeated slice selective pulse acquire sequence (6 ms excitation pulse (sinc), 
TR = 15s, single shot) selecting a 40 mm thick axial slice through the center of the coil was 
used for flip angle calibration, where the RF amplitude of the excitation pulse was varied to 
find the maximum amplitude of the peak present in the phantom (Pi), which approximates 
a 90° excitation. 
Two 3D MRSI data sets of the same cylindrical phantom were obtained to determine 
the SNR performance of the 31P coils. In both experiments, we excited the 31P signal using 
the BC, but acquired the signal with the BC in one, and acquired the signals with the 31P RX 
array in the other experiment. Signals from the individual receive channels were combined 
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using the WSVD combination method (Rodgers and Robson, 2010), comprising 1) a very 
short noise prescan that is used to decorrelate the single-element spectra (or FIDs), and 
2) computation of the maximum likelihood combined spectrum. The RX array was not 
present in the first test with the BC alone, thus before the second test, the phantom was 
accurately repositioned aer the RX array was inserted. The 3D pulse-acquire MRSI experi-
ment had the following parameters: TR/acquisition delay: 1000/0.1 ms, flip angle: 40°, hard 
pulse duration: 0.3 ms, field of view (FOV): 240x240x200 mm3, matrix: 12x12x8, elliptical 
k-space acquisition with 100% Hamming filter, vector size: 1024, Tacq; 5:15 min. The spectra 
from the MRSI data were fitted with Metabolite Report, a work in progress package from 
Siemens Healthcare (Erlangen, Germany). Metabolite Report performs automated, prior 
knowledge based, complex fitting in the time domain and has previously been applied 
to 7T 31P spectroscopy data of the prostate (Lagemaat et al., 2014a). Images of the fitted 
Pi-signal were created by interpolating its initial 12x12x8 matrix to a 256x256x8 matrix. 
They were then convoluted by a disk-shaped kernel and masked. Those images were then 
used to determine the local signal gain when using the RX array as compared to the BC. An 
additional examination without RF excitation pulses was performed to obtain the noise 
correlation matrix. 
Figure 4.3: Results of the validation measurements using the field probes. A) Two dimensional visualization of the 
coil setup surrounding the head-shoulder phantom as it was used to determine the magnitude of the |E|- and |H|-
field with the field probes. Included is a map of the proton |H|-field as it was measured with the 8-channel head coil 
only. The phantom was filled with tissue-simulating fluid, having a conductivity of 0.98 S/m for 1H and 0.78 S/m for 
31P and a permittivity of 56.3 for 1H and 76.5 for 31P. In B-E profiles for each individual |E|- (black lines) and |H|-field 
(red lines) measurement are plotted (these profiles were taken along the dashed lines (A)) with B&D: 1H and C&E: 
31P. These measurements were performed for 1) the 8-channel head coil only (solid line), for the 8-channel head coil 
with 31P birdcage inserted (block) and 3) for the complete setup with receive coil (triangle). These measurements 
were corrected for input power and hence directly comparable to its reference (Bitz et al., 2011a). Note that |E| and 
|H|-fields decrease when more components are present.
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In an in-vivo study we investigated the ability to use B1-shimming and the ability to 
acquire 3D 31P MRSI in the human brain with and without NOE enhancement on a single 
volunteer (24y) (TR/ acquisition delay: 1500/0.10 ms, flip angle: 45°, matrix: 12x12x8, FOV: 
240x240x240 mm3, pulse length: 0.3 ms, elliptical k-space acquisition with 100% Hamming 
filter, Tacq= 7:48 min). A high resolution 3D 31P MRSI using NOE enhancement with an ap-
proximated true voxel size of 3.0 cc was acquired from the second volunteer (26y). This 
time data was collected with the RX-array providing a reduced FOV. Parameters used for this 
sequence were: TR/acquisition delay: 500/0.10 ms, flip angle: 30°, FOV: 140x140x100 mm3, 
matrix: 14x14x10, NA = 6, Tacq: 15:02 min, all other parameters were kept the same). As the 
TR is reduced and we want the maximum signal per unit time, we reduced the flip angle 
to the Ernst angle for PCr (30°) with T1 = 3.4 ± 0.3 s (Lei et al., 2003). In each examination 
the NOE enhancement was generated by saturating the water signals (γB1 = 30Hz) using 
wideband alternating-phase low-power technique for zero residual splitting (WALTZ-4, 
technique originally intended for decoupling) (Shaka et al., 1983) during the full TR, except 
during the 204 ms of signal acquisition. Other examinations within the protocol were the 
same for both volunteers. Aer B0- and B1-shimming the whole brain, a 3D T1-weighted 
image was acquired with an MPRAGE (magnetization prepared rapid acquisition gradient 
echo) pulse sequence. For this sequence the following parameters were used: TR/TI/TE: 
2500/1100/1.270 ms, resolution: 1mm3, Tacq: 3:58 min. Then we calibrated the flip angle for 
31P, and we optimized the B1-shim for the occipital lobe.
Results
Bench Tests
RF Coils
The ratio of unloaded-to-loaded quality factors (QU/QL) for the BC was 110/30 = 3.7 For the 
receive array it was (155 ± 20) / (63 ± 5) = 2.7 ± 0.3 (Table 1), with a range of 124-181 for QU 
and 57-69 for QL.
The ratio of unloaded-to-loaded quality factors (QU/QL) for the BC was 110/30 = 3.7 For 
the receive array it was (155 ± 20) / (63 ± 5) = 2.7 ± 0.3 (Table 1), with a range of 124-181 for 
QU and 57-69 for QL. 
Simulations and RF Field Simulations
Simulations were used to determine the influence of the 31P BC at the 1H field when it is 
inserted into the 8 CH head coil. These showed that standard 12.5 mm wide copper tape 
for the legs created a signal void a few centimeters inside the phantom: coinciding with 
this void was a phase singularity (Fig. 4.2B & F). Simulations showed that the signal void 
and the phase singularity could be removed when the width of the legs was reduced to 4.5 
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mm (Fig. 4.2C & G), although with reduced sensitivity. The sensitivity increased and can be 
related to the field intensity of the 8CH head-coil without BC when the tank circuitry was 
added to the BC (Fig. 4.2H). 
The field probe measurements visualized the field distribution for both nuclei. For the 
1H-field in general, we concluded that the overall field distribution in the phantom was 
comparable to that from the reference coil (Bitz et al., 2011), but that amplitudes in the 
center had been decreased for this new setup. This was shown by the coronal map of the 
|H|-field at 297 MHz for the 8-CH head coil only (Fig. 4.3A). Note that the 8-CH head coil was 
tuned and matched to the resonance frequency with the BC inserted. 
The proton |H|- & |E|-field amplitudes at both resonances for the coil assembly in di£erent 
configurations (Fig. 4.3) illustrated that the amplitudes of both field types decreased with 
the birdcage inserted. Signals did not decrease further with the RX coil present. Moreover, 
the stronger decrease in |E|-field (causing SAR deposition) compared to the |H|-field con-
firmed that it was safe to use this coil assembly with the original 8-channel safety margins. 
Comparing these results to the 8-channel proton setup without any additional coils (Bitz 
et al., 2011; Orzada et al., 2009) enabled us to use the same maximal permissible input 
power since the magnitude of the electric field is reduced aer insertion of the additional 
components, providing even an increased safety margin in case of the new 1H coil assem-
bly. For 31P the maximum permissible input power was calculated based on a worst-case 
approximation (losses in the feeding network and RF coil were neglected) for the head 
averaged SAR according to the rationale given in the IEC 60601-2-33 for volume transmit 
coils: Pmax31P=SARhead,limit*mhead 
Figure 4.4: Noise correlation matrix 
of the 7-channel receive-only array. 
All channels are properly decoupled, 
because noise does not correlate sig-
nificantly. The average noise correlation 
over all elements was 10 ± 7%, with its 
maximum of 23% found between ele-
ments 3 & 6.
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31P MR of Phantom
Calibration of the RF power to reach a 90° flip angle for the 31P signals in a phantom as well 
as in the human brain showed that the maximum signal intensity coincided with a refer-
ence B1+ amplitude of 29 µT. This resulted in a maximum achievable B1+ amplitude for 31P 
of approximately 56 µT for this coil setup (on average this value was a bit lower 45-50uT). 
Figure 4.5: Interpolated SNR images of a spherical phantom containing 30 mM in-organic phosphate. The images 
were obtained with the birdcage coil (top row) and with the local receive-only array (middle row). The gain in SNR is 
more than 7-fold close to the receive array. Also note the uniform B1-field when data was solely acquired with the BC.
The noise correlation matrix (Fig. 4.4) confirmed that coupling between all elements was 
minimized as a result of overlap and pre-amplifier decoupling. The average noise correla-
tion over all elements was 10 ± 7%, with its maximum of 23% found between elements 3 
& 6.
As expected, the SNR increased substantially when the RX-array was used for signal 
acquisition as compared to the BC. Up to 7 cm inside the phantom an increase in SNR was 
visible, with a 7-fold increase up to 2 cm inside the phantom (Fig. 4.5). 
31P MR of Volunteers
The in-vivo experiments were successful. We could obtain detailed T1-weighted images 
with the 8-CH 1H head coil driven in CP+ mode (Fig. 4.6, background) and were able to 
shim the 1H B1+ field (Fig. 4.6A-C). This allowed us to maximally enhance 31P signals using a 
B1-shimmed setting for specified regions. For the whole brain, we plotted the metabolite 
map of PCr when measured with and also without NOE-enhancement (Fig. 4.6D-E). An 
enhancement map showed the signal increase, expressed as a percentage (Fig. 4.6F); the 
main features of this enhancement map coincided with the 1H B1+ field (Fig. 4.6C). The 
overall enhancement of the PCr-signal was 30 ± 9%.
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When acquiring signals with the local receive array, we could reduce the FOV and hence 
increase spatial resolution. Combined with local NOE-enhancement and an optimized sig-
nal combination method (i.e. WSVD combination), we obtained 31P spectra from relatively 
Figure 4.6: High resolution 3D MRSI using all available options to increase SNR. The signals were enhanced using 
NOE and were received with the local receive array. Note the exquisite quality of the spectra. The top le shows 
a sagittal view of the human brain overlapped with 31P spectra as acquired with the receive array. The top right 
presents a transversal view of the human brain also overlapped with a spectral map covering the occipital lobe. The 
bottom two rows show metabolite maps of seven di£erent 31P compounds. The colors show the distribution of the 
metabolites (scaled 0 – 100%) represented by the fitted integral. Note that in only two voxels low SNR metabolites 
were fitted incorrectly (Pi & GPC) within the field-of-view of the array coil. Moreover, note the di£erence in spatial 
distribution of the di£erent metabolites, which not only arise from B1-receiveing profile (anterior-posterior), but 
also arising from di£erences between gray and white matter (le-right). A spectrum with high quality (3cc voxel) as 
acquired in 15 minutes in the occipital lobe (red box) is shown too. Not shown in this spectrum is the β-ATP, as the 
bandwidth of the pulse to properly excite this metabolite was insu£icient. 1) PE, 2) PC, 3) Pi, 4) GPE, 5) GPC, 6) PCr, 
7) γ-ATP, 8) α-ATP and 9) NADH.
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small voxels (3.0 cc) in 15 minutes, with narrow linewidths for PCr (9.6 ± 1.9 Hz) and high 
SNR (17.8 ± 3.7) (Fig. 4.6), up to 5 cm into the occipital lobe. 
The SAR for the experiments with NOE enhancement was evaluated using the real-time 
SAR monitoring system (Bitz et al., 2009). The time-averaged total input power for these 
experiments (not incorporating coil losses) was for 1H 10.9W and for 31P 2.2W.
Discussion
In this work, we described the design, construction and safety validation of a dedicated coil 
setup for 7 tesla containing 3 main components: an 8-CH multi-transmit 1H head coil, an 
insertable and actively tunable birdcage coil for 31P and a local 7-CH 31P receive-only array. 
The setup featured multi-transmit capabilities on the 1H channels, volume excitation for 31P 
and a large local SNR improvement close to the receive array. This increase in sensitivity in 
combination with the limited field of view of local receive coils enabled 31P MRSI at higher 
spatial resolution, and may be used to reduce scan time.
The tuning and matching of the 8-CH 1H head coil had to be adapted, because its initial 
tuning frequency dropped below the resonance frequency of the system. Therefore we 
tuned it to the correct frequency and adapted the matching to become 50 Ω (loaded) with 
the BC present. Despite this adaption, we noticed a reduction in sensitivity of the 1H signal, 
which is probably caused by the large quantity of conductive material present in the BC 
itself. Although this might block part of the signal, as reported for high density receive 
arrays (van de Bank et al., 2012), we did not observe a change in the shape of the field 
distributions in the phantom measurements.
Although not shown here, it is worth noting that the homogeneity of the BC was hardly 
altered by the addition of the local RX-array. Each element in the receive array was actively 
detuned, meaning that a current was used to forward bias a parallel positioned PIN-diode, 
bringing the element o£-resonance during BC transmit. We added no additional safety 
features, such as a second trap with passive diodes (Edelstein et al., 1986), or an RF fuse, to 
the individual loops in order to avoid a possibly decrease in SNR. Instead, we considered 
(and verified) that should a parallel positioned PIN-diode break down, a short circuit would 
be created and hence the coil element would be detuned, which makes it intrinsically safe. 
But this feature does not detect the moment when no current flows through the PIN-diode 
(e.g. when a cable is disconnected). Therefore we added a current sensing circuit inside 
the interface, which activates and stops the scanner immediately in case no current goes 
to the PIN-diodes.
The SNR increase by exciting the spins via the BC and receiving their signal with the 
array coil, may have been biased as the BC for reception may have had degraded perfor-
mance. The PIN-diodes for tuning the BC were positioned in series within the legs, when 
forward biased (tuned) they have a low additional series resistance, when the PIN-diodes 
are reversed biased (detuned) this resistance will increase significantly. But the coil has a 
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relatively high QU (110) and when having a ratio QU/QL above 3.5, tissue loading dominates 
over coil losses. Hence, the introduction of PIN-diodes in the birdcage did not degrade its 
performance in the first place. 
Increasing SNR by separating receive-only and transmit-only surface coils for 31P spec-
troscopy has been reported before (Hardy et al., 1992; Lee et al., 2000), where Avdievich 
and Hetherington were the first who designed and developed a homogeneous transmit 
volume coil (Avdievich and Hetherington, 2007), which was the basis for our work. Their 
coil was designed as actively detunable double-tuned TEM head coil for 4T. Both setups 
have similar properties and both can provide anatomical reference images and 31P MRSI 
of the patient without removal of the coil or the patient. The advantage of our design over 
their design is the ability to use B1-shimming. Also the size of the individual elements of the 
receive-only 31P array in our design was smaller, resulting in a local increase in SNR. 
It was shown by Lei et al. that signal from PCr in the human brain can be increased by 
24.3 ± 1.6% using NOE (Lei et al., 2003). However, this e£ect depends on the amplitude and 
distribution of the 1H B1-field (Fig. 4.6C & F) and can therefore vary spatially (Lagemaat et 
al., 2014). This principle can be exploited to enhance specific regions. If NOE is used, it is 
essential to reach a threshold 1H B1+ value in a certain area to achieve maximum NOE en-
hancement. An additional 1H B1+ map is therefore needed to assess these locations where 
the threshold B1+ was reached. 31P B1+ is not a£ecting the NOE variation. With the current 
coil setup, an overall enhancement of 30 ± 9% for the PCr-signal could be reached in the 
human brain. This higher enhancement compared to the data of Lei et al. may be related to 
the proton irradiation power of this coil and our choice for the WALTZ-4 decoupling strategy. 
Although the amplitude of the 1H-signals was reduced with the 31P BC inserted, we were 
able to optimize the B1+ field and use this to enhance signals. Moreover, the irradiation of 
the water spins with low RF power led to a time-averaged maximum input power 10.9W. 
Assuming the weight of an averaged head to be approximately 5 kg, this leads to a worst-
case head-averaged SAR of 2.18 W/kg, which is already well below the IEC-defined limit of 
3.2W/kg for the head. Within this approximation losses inside the coil (e.g. feed network, 
coil elements, etc.) are also present, thus the head averaged SAR would be reduced even 
further. Furthermore, when using phased array coils for exciting the MR signal instead of 
volume resonators, SAR deposition can be reduced significantly (up to 50%) while optimiz-
ing the B1+ distribution, as has been shown by Van den Bergen et al. in the pelvic area 
(van den Bergen et al., 2007). Although this was investigated at 3 and 7T with a TEM coil, it 
was shown by Wang et al. that SAR levels are lower in micro strip coil designs at 7T (Wang 
and Shen, 2006). These findings support the usage of this 8-CH multiple array antenna. 
Moreover, the meander structures in the element decrease intrinsic coupling of the ele-
ments, and reduce the magnitude of the electric field at the end of the elements (Rietsch et 
al., 2015). Striking fact from the same study is that SAR levels for BC coils, such as our new 
design for 31P,  were higher at 7T. Note that we optimized this BC coil for a lower frequency 
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(120.3 MHz), and when using volume coils at these frequencies, the head-averaged SAR is 
usually the most critical aspect. 
Most studies on 31P in the human brain at 7T have been using surface coils to excite 
and receive the MR signal (Chmelík et al., 2013; Lei et al., 2003; Lu et al., 2014), except for 
Zhu et al. (Zhu et al., 2012) who used a circularly polarized dual-frequency volume RF coil. 
Although surface coils have a higher SNR, their B1 fields are inhomogeneous, hence the 
flip angle becomes position dependent should one use a hard pulse for excitation. By 
using adiabatic pulses, these limitations can be circumvented, but at a cost of markedly 
increased pulse duration and concomitant increase in SAR deposition. Using the homog-
enous volume resonator present here allowed us to avoid SAR-demanding adiabatic 
pulses, but rather use short (0.3 ms) hard pulses that have su£icient bandwidth to excite 
the spectrum (except β-ATP). Note that Zhu et al. were not able to use these in their study 
(Zhu et al., 2012). 
In conclusion, the developed coil setup can be used to excite 1H and 31P signals at an 
ultra-high field strength of 7T. 31P signals can be acquired with an increased signal-to-noise 
ratio by exploiting NOE-enhancement and by receiving the signals with a local receive ar-
ray.
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Abstract 
Purpose: To harmonize data acquisition and post-processing of single voxel proton mag-
netic resonance spectroscopy (1H-MRS) at 7 Tesla (7T), and to determine metabolite con-
centrations, accuracy and reproducibility of metabolite levels in the adult human brain. 
Experimental: This study was performed in compliance with local Institutional Human 
Ethics Committees. The same seven subjects were each examined twice using four dif-
ferent 7T MR-systems from two di£erent vendors using an identical semi-LASER spectros-
copy sequence. Neurochemical profiles were obtained from the posterior cingulate cortex 
(GM) and the corona radiata (WM). Spectra were analyzed with LCModel, and sources of 
variation in concentrations (‘subject’, ‘institute’ & ‘random’) were identified with a variance 
components analysis.
Results: Concentrations of 10-11 metabolites, which were corrected for T1, T2, Magneti-
zation Transfer-e£ects and partial volume e£ects, were obtained with mean Cramér-Rao 
Lower Bounds below 20%. Data variances and mean concentrations in GM and WM were 
comparable for all institutions. The primary source of variance for glutamate, myo-inositol, 
scyllo-inositol, total creatine and total choline was between-subjects. Variance sources for 
all other metabolites were associated to within-subject and system noise, except for total 
N-acetylaspartate, glutamine and glutathione, which related to di£erences in signal-to-
noise and in shimming performance between vendors.
Conclusion: Aer multi-center harmonization of acquisition and post-processing proto-
cols, metabolite concentrations and size and sources of their variations were established 
for neurochemical profiles in the healthy brain at 7T, which can be used as guidance in 
future studies quantifying metabolite and neurotransmitter concentrations with 1H-MRS at 
ultra-high magnetic field.
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Introduction
For many years, proton magnetic resonance spectroscopy (1H-MRS) has been a promising 
tool for non-invasive assessment of the distribution of neurochemicals in the human brain. 
It has developed into a clinic-ready technique which, if used correctly, can contribute to 
patient management in brain tumors, neonatal and pediatric disorders, demyelinating 
disorders, and infectious brain lesions (Oz et al., 2014). Furthermore, monitoring brain 
neurochemistry provides comprehensive information on energy metabolism, neurotrans-
mission, myelination, membrane metabolism, antioxidant and osmotic status (Duarte et 
al., 2012), which could be provided by ultra-high field (UHF) systems (≥7 Tesla (T)). The 
gain in intrinsic signal-to-noise ratio (SNR) (Ugurbil et al., 2003) provided by these systems 
enables reliable metabolite quantification as a result of the increased spectral dispersion 
(Tkac et al., 2009), even in small voxels (<5ml) located in deep brain structures such as the 
substantia nigra (Emir et al., 2012). Additionally, short echo time (TE) MRS sequences at 
UHF have shown promise for detection of the inhibitory neurotransmitter γ-aminobutyric 
acid (GABA) (Mekle et al., 2009).
A magnetic field strength of 7T imposes additional challenges over clinical field 
strengths for performing MRS examinations. Accurate voxel selection of the full spectral 
range of neurochemicals with limited available radio frequency (RF) power and at short TE 
is cumbersome, but can be achieved with the semi-LASER (partial localization by adiabatic 
selective refocusing) technique. It was first introduced in spectroscopic imaging mode 
(Scheenen et al., 2008b), and shown to be reliable and reproducible at 3T (Wijnen et al., 
2010b). Additional technical adjustments (improved water suppression, phase cycling 
and outer volume suppression) enabled a successful single voxel implementation of the 
technique (Oz and Tkac, 2011) with excellent 2-site reproducibility at 3T (Deelchand et 
al., 2014). The sequence was further demonstrated to perform better than other available 
spin- and stimulated-echo techniques for single voxel MRS at 7T (Boer et al., 2011). 
An important impediment to widespread use of 1H-MRS is the lack of harmonization of 
acquisition and post-processing protocols between di£erent MR-system vendors (Oz et 
al., 2014). Di£erent pulse sequences on MR units from di£erent vendors result in biases 
in quantitative MRS results from di£erent sites. Identical MRS protocols at di£erent sites 
would allow reference measurements for concentrations and corresponding standard 
deviations of neurochemicals. Therefore, the aim of this study was to harmonize data 
acquisition and post-processing of short TE single voxel 1H-MRS using the semi-LASER 
sequence at 7T across two di£erent vendors, and to determine metabolite concentrations, 
accuracy and reproducibility in metabolite levels in the adult human brain by examining 
the same subjects twice at four di£erent institutions.
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Experimental
This multicenter study was performed in compliance with the regulations of the local 
institutional Human Ethics Committees. Seven healthy volunteers were scanned twice at 
each site aer giving written informed consent. The time between scan and re-scan was at 
least one hour and was at maximum four days. The mean ± standard deviation (SD) age of 
the volunteers was 33 ± 5 years (6 males).
Institutions and Hardware
Data were acquired using passively shielded 7T whole body magnets manufactured 
by Magnex, equipped with an MR console from either Philips (Philips Achiva 7T, Philips 
Healthcare, Cleveland, OH, USA; 2 sites) or Siemens (Siemens Magnetom 7T, Siemens 
Healthcare, Erlangen, Germany; 2 sites). The contributing institutes and corresponding 
scanner configurations were: 
1) Erwin L. Hahn Institute (ELH), University Duisberg-Essen, Essen, Germany; Siemens. RF 
coil driven by 8kW RF power (eight 1kW RF amplifiers combined).
2) Center for Magnetic Resonance Research (CMRR), University of Minnesota, Minneapolis, 
Minnesota, USA; 90 cm 7T magnet horizontal bore, Magnex Scientific Inc., Oxford, UK, 
interfaced with Siemens TIM console. RF coil driven by sixteen 1kW RF amplifiers.
3) C.J. Gorter Center for High Field MRI, Department of Radiology, University Medical 
Center Leiden (LUMC), Leiden, the Netherlands; Philips. RF coil driven by two 4kW RF 
amplifiers.
4) Department of Radiology, University Medical Center Utrecht (UMCU), Utrecht, the Neth-
erlands; Philips. RF coil driven by two 4kW RF amplifiers.
A commercially available head coil (NOVA Medical Inc., Burlington, OH, USA) was used at 
the European sites with a birdcage coil to excite and a 32-channel receive insert to acquire 
the MR signal. An in-house built 16-channel transmit/receive array was used at CMRR 
(Adriany et al., 2008). At UMCU and CMRR, the transmit B1 power was optimized for the 
volume of interest (VOI) by means of RF-shimming (Metzger et al., 2008), i.e. optimization of 
the input phases of the individual RF channels. At LUMC and ELH the coil was driven with a 
fixed phase setting of 90 degrees between the channels. The lowest maximum attainable 
RF transmit power from the four institutes was used to set the constraints in the RF pulses 
of the pulse sequence for all sites, assuring equal localization performance at all institutes.
Data Acquisition
Magnetization prepared 3D T1-weighted images were acquired to select the VOI. MRS data 
were acquired from two voxels, one in gray matter (GM) at the Posterior Cingulate Cortex 
(PCC, 20x20x20 mm3, Fig. 5.1A) and one in white matter (WM) at the Corona Radiata (CR, 
18x18x18 mm3) in the le hemisphere (Fig. 5.1B). 
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Localization was achieved by a previously described semi-LASER sequence (Oz and 
Tkac, 2011) (TE=30ms, 64 averages, bandwidth (BW): 6000Hz, data points: 2048), which was 
implemented with equivalent RF and gradient waveforms and timings across both manu-
facturers (Fig. 5.2). Based on a maximum achievable transmit B1 of 23µT for both locations 
on all systems the following parameters could be used: the duration of the 8-pulse VAPOR 
water suppression pulses was 35ms, duration of each OVS pulse was 4.6ms (8 pulses, ran in 
sub-adiabatic regime), duration of the asymmetric slice selective excitation pulse was 4.2ms 
(maximum amplitude at 3.57ms, bandwidth 3.7kHz, adapted from (Boer et al., 2011)), and 
duration of the adiabatic slice selective refocusing pulses was 4.5ms (bandwidth 5.27kHz). 
These adiabatic refocusing pulses were designed to be optimal at B1 ≥23µT. The distance 
between the voxel and each OVS saturation band was 8 mm. The repetition time (TR) was 
set to 8 seconds to remain within specific absorption rate (SAR) guidelines for all sites, and 
to avoid T1-saturation of the metabolite signals. 
Each voxel was manually positioned on the T1-weighted image and was shimmed us-
ing a vendor specific FASTMAP implementation (Gruetter and Tkac, 2000). On Siemens 
systems, four sequential acquisitions with di£erent projections (3,6,6 and 6 projections, 
Figure 5.1: In vivo 1H MR spectra of a single subject obtained using four di£erent 7T systems for each scan & rescan 
from the two volumes of interest (VOI) using the semi-LASER sequence. All spectra are normalized to NAA (2.01ppm). 
Le (A&C): localization of the VOI at the Posterior Cingulate Cortex and the spectra that were obtained from an 8cc 
voxel (primarily gray matter). Right (B&D): localization of the VOI at the Corona Radiata in the le hemisphere and 
the resulting spectra from a 5.8cc voxel (primarily white matter). Note that high quality spectra could be obtained 
at all institutes.
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respectively) were used to calculate the final shim settings. On Philips systems, one ac-
quisition with 13 projections was the basis for calculation of the shim settings. Then the 
RF power was calibrated (for each voxel separately), hence optimizing the excitation and 
water suppression pulses (VAPOR; Variable power and optimized relaxation delays (Tkac 
and Gruetter, 2005)). Aer all calibrations, the spectra were acquired from the selected VOI. 
Additionally, unsuppressed water reference spectra (wref) were acquired from the same 
VOI by only turning o£ the VAPOR pulses. These spectra were used 1) to reconstruct spectra 
from phased array data, 2) to remove eddy-current e£ects and 3) as an internal reference to 
quantify metabolite concentrations (Soher et al., 1996; Tkac and Gruetter, 2005). 
Only on Siemens systems, additional water reference spectra (wref2) were acquired 
without the OVS modules to evaluate the saturation of the water signal in wref due to 
magnetization transfer (MT) e£ects (Oz and Tkac, 2011). This additional wref2 could not 
be acquired on Philips systems, as the shimming procedure and water scan were fully 
automated into one scan, thereby overruling the shim settings of the water suppressed 
spectra. The saturation factor was determined for GM and WM separately, and used to cor-
rect metabolite concentrations (see details in Appendix). The protocol could be completed 
within one hour. Approximately 35 minutes were needed to locate, calibrate and acquire 
spectra from both voxels, and ~10minutes were needed to reposition voxels with respect 
to previous scans.
Figure 5.2: The pulse sequence diagram of the semi-LASER as used in the current study (adapted from (Oz and 
Tkac, 2011), reprinted with permission). To suppress the water signal an 8-pulse VAPOR scheme was used. To sup-
press unwanted signals from outside the region of interest outer volume suppression (OVS) was used, consisting of a 
few pairs of adiabatic pulses applied in di£erent dimensions. The voxel is selected by an asymmetric excitation pulse 
followed by two pairs of adiabatic full passage pulses (AFP) to refocus the signal. Based on a maximum achievable 
transmit B1 of 23µT for both locations on all systems the following parameters could be used: the duration of the 
VAPOR water suppression pulses was 35ms (BW: ~0.5ppm, around water resonance), duration of OVS (hyperbolic 
secant; BW: 9.1kHz; played out in subadiabatic regime with nominal flip angle of 90 degrees) pulses was 4.6ms, 
duration of the asymmetric slice selective excitation pulse was 4.2ms (maximum amplitude at 3.57ms, bandwidth 
3.7kHz, adapted from ( Boer et al., 2011)), and duration of the adiabatic slice selective refocusing pulses was 4.5ms 
(bandwidth 5.27kHz). An echo time of 30ms and a repetition time of 8 seconds was used, which ensured that all 
measurements remained within SAR guidelines for all sites and that T1 saturation was avoided.
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Post-Processing and Quality Control
All spectra were processed o£line using Matlab R2011a (Mathworks, Natick, MA, USA). 
Signals from individual receive channels were phased and amplitude weighted using 
wref, correcting for the di£erent constant phase shi terms of the complex spectra using 
the sensitivity of each individual receive element at the VOI, before channel summation. 
Then, each acquisition was corrected for eddy-current e£ects (using wref) and corrected 
for phase and frequency variations caused by subject motion (using the NAA peak). The 
frequency and phase aligned acquisitions were summed to obtain the final metabolite 
spectrum, which was ported into LCModel (Provencher, 1993).
The T1-weighted images were segmented using SPM8 (Wellcome Trust Centre for Neu-
roimaging, University College London, UK) to determine the partial volumes in each VOI, 
reported as %GM, %WM and %CSF (cerebrospinal fluid). These values were used to assess 
repositioning accuracy between scans and subjects and to correct for partial volume ef-
fects for both voxel positions in every subject (see details in Appendix). 
Spectra with broad line widths (full width at half maximum (FWHM) of the respective wref 
over 20Hz) were excluded from analysis. 
Spectral Fitting
All spectra were quantified with LCModel using wref for water-scaling, using the following 
assumed water concentrations: 43.3M for GM, 35.9M for WM and 55.6M for CSF (Provencher, 
2012). 
The model spectra of alanine (Ala), aspartate (Asp), ascorbate/vitamin C (Asc), glyc-
erophosphocholine (GPC), phosphocholine (PCh), creatine (Cre), phosphocreatine (PCr), 
γ-aminobutyric acid (GABA), glucose (Glc), glutamine (Gln), glutamate (Glu), glycine (Gly), 
glutathione (GSH), myo-Inositol (mI), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspar-
tylglutamate (NAAG), phosphoethanolamine (PE), scyllo-inositol (Scyllo) and taurine (Tau) 
were generated (VESPA; Versatile Simulation, Pulses and Analysis package (Soher et al., 
2011)) according to previously reported chemical shis and coupling constants (Govin-
daraju et al., 2000; Tkac, 2008). A macromolecule (MM) profile (TR/TE/TI: 2000/28/685ms, 
averages: 128, subjects: 5, surface coil) acquired in a previous study at CMRR was included 
as one of the model spectra (Fig. 3) (Schaller et al., 2013). Concentrations were corrected 
for T2-e£ects, partial volume (PV) e£ects and MT-e£ects (see Appendix for details). 
Statistical Analysis
Metabolite concentrations with a Cramér-Rao Lower Bound (CRLB, an estimated error of 
the metabolite quantification (Bolliger et al., 2013; Provencher, 2012)) ≤ 50% in at least half 
of the spectra were used for statistical analysis. The sum of metabolites was reported when 
a high correlation existed between two metabolites (r < -0.5, from Fisher matrix). 
Reliability and reproducibility were investigated by calculating descriptive parameters 
(mean and SD) and by calculating the test-retest coe£icient of variation (CoV): 
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CoVm =
σx
* 100% (5.1)
μx
with σx representing the SD of the test and retest, μx the mean concentration of the test 
and retest and CoVm the coe£icient of variation, which is reported as average per metabo-
lite.
The total variation in metabolite concentrations was decomposed into the factors (f) 
‘subject’, ‘institute’ and ‘random’,
σ 2tot = σ 2subject + σ 2institute + σ 2random (5.2)
using a variance components analysis, treating ‘subject’ and ‘institute’ as random main 
factors. Modeling was performed using restricted maximum likelihood estimation in SPSS 
version 20.0 (IBM corp. Armonk, NY, USA). The intraclass correlation coe£icients (ICC) for 
the di£erent factors, reflecting their relative contributions to the total variance, were then 
calculated:
ICCf =
σf2
 * 100% (5.3)
σ 2tot
Additionally, a one-way ANOVA was performed to assess di£erences in FWHM and SNR 
between institutes. 
Results
All subjects completed the full test-retest protocol on four di£erent 7T MR systems, without 
the necessity to repeat any measurements. High quality spectra were obtained and fitted 
with LCModel (Fig. 1 & Fig. 3); only 4 out of 112 datasets (2 GM & 2 WM) were excluded 
because the corresponding wref FWHM was above 20Hz. 
Reproducibility of Spectral Quality and Localization
The pre-determined transmit power (B1+) requirement of 23µT was reached in 83 out of 112 
examinations (ELH: 21/28, CMRR: 25/28, LUMC: 18/28, UMCU: 19/28). 86% of the cases with 
insu£icient B1+ were in WM. Excellent water suppression was achieved in 81 examinations 
(water residual < NAA singlet intensity), in the remaining cases the residual water peak was 
as high as, or higher (up to 3 times), than the NAA singlet at 2.01ppm.
Line widths obtained (Table 5.1) were significantly di£erent (12% on average) between 
vendors for both VOI’s (P<0.001), most likely due to the vendor-specific B0-shimming proce-
69
MULTI-CENTER REPRODUCIBILITY OF NEUROCHEMICAL PROFILES AT 7T
C
ha
pt
er
 5
Figure 5.3: Results of metabolite fitting for the semi-LASER sequence (TE=30ms, TR=8s, 64 averages) in the posterior 
cingulate cortex. The contributions of alanine (Ala), aspartate (Asp), ascorbate/vitamin C (Asc), glycerophosphocho-
line (GPC), phosphocholine (PC), creatine (Cr), phosphocreatine (PCr), γ-aminobutyric acid (GABA), glucose (Glc), 
glutamine (Gln), glutamate (Glu), glycine (Gly), glutathione (GSH), myo-inositol (mI), lactate (Lac), N-acetylaspartyl 
(NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), scyllo-inositol (Scyllo), taurine (Tau), macro-
molecules (MM) and baseline to the in vivo spectrum are shown.
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dures. In addition, mean SNR was significantly di£erent between sites for both VOI’s (Table 
1, GM, P=0.0002; WM, P=0.001).
Deviations in partial volumes as a result of manual repositioning of the VOI were 9% in 
GM and 4% in WM (Table 5.2). The assumed water concentration was retrospectively cor-
rected for a more accurate and subject dependent estimation of its concentration by 4.5 
± 5.8% for GM voxels (higher SD due to CSF contribution) and 3.1 ± 0.9% in WM voxels. The 
unsuppressed water signal was 9 ± 2% (GM) and 17 ± 1% (WM) higher without OVS than with 
OVS due to MT-e£ects (see Appendix), which was retrospectively corrected per subject. 
Test-Retest Reproducibility
Similar spectral patterns were obtained from the same volunteer from both the Posterior 
Cingulate Cortex and Corona Radiata during all 8 examinations (Fig. 5.1C & D). 18 out 21 
metabolites included in the basis set were quantified within the CRLB<50% threshold us-
ing LCModel. This resulted in quantification of 10-11 metabolites or metabolite sums with 
mean CRLB<20% (Table 5.3). Metabolites with high correlation as reported by the Fisher 
Table 5.1: Line width and SNR evaluation for each institute and voxel location
Institute
Siemens Philips
ELH CMRR LUMC UMCU
Linewidth (Hz)
PCC 11.3 ± 0.6 11.7 ± 1.3 13.3 ± 1.6 12.6 ± 1.0
CR 13.0  ± 0.6 12.8 ± 0.6 16.2 ± 2.7 13.4 ± 0.7
SNR
PCC 42 ± 7 38 ± 16 31 ± 5 48 ± 11
CR 48 ± 8 35 ± 10 37 ± 7 44 ± 7
Line widths were determined at full-width-half-max of the water reference spectra. SNR was determined by LC-
Model. Values reported are mean ± SD of all spectra included in the analysis per site. Line widths dier on average 
by 12% between vendor (P<0.001) and mean SNR is significantly dierent between sites for both VOI’s (GM: P<0.001 
& WM P=0.001).
Table 5.2: Tissue percentages of target voxels, as measure for voxel repositioning and partial volume fractions.
Subject
1 2 3 4 5 6 7
PCC 78.5 ± 4.7
(1.06±0.09)
72.5 ± 4.8
(1.08±0.06)
75.6 ± 6.0
(1.03±0.04)
78.0 ± 5.4
(1.02±0.04)
73.5 ± 6.7
(0.97±0.03)
74.8 ± 1.3
(1.03±0.08)
82.2 ± 6.6
(1.04±0.04)
CR 88.1 ± 2.0
(1.02±0.00)
86.7 ± 2.1
(1.03±0.01)
85.3 ± 2.8
(1.04±0.02)
85.7 ± 3.2
(1.03±0.01)
86.9 ± 3.7
(1.03±0.01)
87.3 ± 1.4
(1.03±0.01)
89.1 ± 2.0
(1.03±0.01)
Partial volume eects are determined from each voxel for each volunteer across the four institutions. For the voxel 
at the posterior cingulate cortex (primarily gray matter) the percentage gray matter within the voxel was used to 
examine the repositioning, and for the voxel at the corona radiata (primarily white matter) the percentage of white 
matter was reported. These values were additionally used to calculate the actual water concentration and to deter-
mine the scaling factor for partial volume correction (between brackets).
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matrix were quantified as sum: total NAA (tNAA, NAA+NAAG), total Cre (tCre, Cre+PCr), total 
Cho (tCho, PCh+GPC) and Glc+Tau. Macromolecular profiles were fitted consistently 
between subjects per institute, but showed di£erences in absolute values between MR 
systems (~25%) of di£erent MR manufacturers. These absolute di£erences were 7% be-
tween the two Siemens systems (ELH & CMRR) and 3% between the Philips systems (LUMC 
& UMCU, Fig. 5.4A). This was also reflected by comparable baseline fits for the di£erent 
system manufacturers (Fig. 5.4B). Taking into account these di£erences in baseline and 
macromolecular profiles the average ± SD metabolite levels were reproducible between 
sites (Fig. 5.5). Excellent test-retest reproducibility was illustrated by low within-subject 
CoV values (Table 5.3). The average CoV and CRLB were below 5% for metabolites with high 
concentrations (tNAA, tCre, Glu, mI, tCho), while the CoV for low concentration metabolites 
(Asc, Asp, Gln, GSH, PE, Scyllo & Glc+Tau) was less than 15% in GM and less than 18% in WM 
(except for Scyllo 21% & Glc+Tau 23%). GABA (22% & 18%) and Lac (35% & 32%) had higher 
CoV for both VOI’s. Furthermore, scatter plots of the major metabolites from the repeated 
measurements showed that most points were close to the identity line (Fig. 5.6A & B). The 
distribution of the CoV is also visible in these plots, e.g. Gln has more points deviating 
from the identity line, hence has a higher CoV (8.8% & 17.7%, GM and WM), whereas tCre 
data points are very close to the identity line, which is consistent with a CoV of 2.9% (GM) 
and 2.7% (WM). The diagonal spread of tCre data points over the identity line indicates 
di£erences between subjects or institutes.
Between Subject/Institute Reproducibility
Unraveling the contributing factors to the total variances using the ICC analysis demon-
strated that the highest fractions of the variance attributed to the factor ‘institute’ were 
found for tNAA (46% & 80%), Gln (66% & 63%), Glu (46% WM) and GSH (51% & 54%) (Table 
4). In other metabolites, di£erences were more to variations between ‘subjects’: Glu (58% 
GM), mI (51% & 83%), Scyllo (69% GM), tCre (64% WM) and tCho (58% & 85%). Variances 
for all other metabolites were attributed to the factor ‘random’, i.e. representing within 
subject variations, repeatability or system noise: Asc (78% & 69%), Asp (50% & 86%), GABA 
(97% & 63%), Lac (96% & 94%), PE (76% & 80%), Scyllo (60% WM), tCre (62% GM) and Glc + 
Tau (57% & 76%).  The distribution of points obtained from the tCho signal (Fig. 5.6C & D) 
shows that ‘subjects’ (represented by symbols) are more grouped together compared to 
‘institutes’ (represented by colors).
Discussion
For this study an identical single voxel semi-LASER 1H-MRS pulse sequence was imple-
mented on four di£erent 7T systems manufactured by two di£erent vendors, to assess 
metabolic variations and reproducibility in healthy volunteers by obtaining high quality, 
short echo time, 1H MR spectra from two clinically relevant brain regions. As such, this 
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work initiates standardization e£orts for MR spectroscopy at UHF, a critical step towards 
wide utility and impact of the methodology for neuroscience and clinical applications. 
We demonstrate a high test-retest and between-vendor reproducibility of neurochemical 
concentrations aer harmonization of data acquisition and post-processing. 
Di£erences in SNR of the spectra between institutes as reported by LCModel are in part 
due to di£erences between the MR-coils, but also in di£erences in line width. At CMRR, 
the 16-channel head coil had fewer and larger receive elements, decreasing SNR of the 
measured voxels. Since at ELH, LUMC and UMCU same size receive elements from a similar 
head coil were used, the lower SNR at LUMC was attributed to broader line widths, prob-
ably caused by the automated single step shimming procedure on the Philips scanners. 
Additionally, lower SNR can increase variability, since precision in fitting of the baselines 
could decrease and hence introduce additional variations between subjects. Note that in 
this study not only the amplitude of the macromolecular profiles di£ered per vendor, but 
Figure 5.4: Fitting precision by LCModel of the macromolecular profiles and baselines per institute. The mean 
(black line) and standard deviation (gray area) of each fitted macromolecular profile and each fitted baseline is 
plotted per institute. (A) Di£erences in fitting of the macromolecular profiles are visible per site, but variations within 
sites are relatively small. (B) The baselines were fitted quite consistently by LCModel within both MR manufacturers.
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also that baselines were more oen fitted with higher negative values in the 2.5-2.0 ppm 
range at Siemens systems. This vendor-specific bias could have resulted in a systematic 
di£erence in the concentration of tNAA, Gln and Glu, and as such resulted in an increased 
contribution of the factor ‘institute’ to the total variance. We assumed the macromolecular 
profile to be the same for gray and white matter (Schaller et al., 2013). 
The average concentrations of quantified metabolites reported in this study matched 
reasonably well with recently reported values that were obtained from the same brain 
regions (Brooks et al., 1999; Emir et al., 2012; Fuchs et al., 2013; Mekle et al., 2009; Michaelis 
et al., 1993; Tkac et al., 2009; Wiedermann et al., 2001; Wijnen et al., 2010b). In all 108 ana-
lyzed spectra, 10 (in WM) – 11 (in GM) metabolites were quantified with an average CRLB of 
less than 20%. Generally, disease-related alterations can be detected in individual spectra 
with 95% confidence if changes are greater than twice the CRLB (Provencher, 2012). In 
this study the CoV was comparable to the average CRLB for most metabolites, suggesting 
that relatively small variations in metabolite concentrations may be detectable. For Asc, 
Asp, GABA and Scyllo the CoV was below the mean CRLB, which suggests that variations 
below the CRLB threshold can be reliably detected. CRLB’s can be larger that test-retest 
CoV, if they are calculated on the basis of the residuals from the fit to the data (as indeed 
is the case in LCModel), instead of calculated from white noise from a part of the spectrum 
Figuur 5.5: LCModel quantification results for selected metabolites per institute. The concentrations of the metabo-
lites are shown as mean ± SD, as well as individual data points (A&B) and their corresponding Cramér-Rao Lower 
Bounds (CRLB) in box plots (C&D). Le: posterior cingulate cortex (A&C); right: corona radiata (B&D). Tissue levels 
of Cre+PCr (tCre), NAA+NAAG (tNAA), Glu, Gln, mI and tCho are shown. Note the minor deviations in total variance 
between the four contributing institutes. A list of abbreviations can be found in Figure 5.3.
CHAPTER 5
76
without signal. Generally, residual signals could cause uncertainty on fits of the resonance 
at hand, which is why the CRLB incorporates these. However, if this residual is constant 
over multiple measurements, test-retest CoV could outperform CRLB. 
In our analysis, we used the CRLB provided by LCModel as the measure for quality of the 
fit of individual resonances, and used a cuto£ in this CRLB value of 50% to include the cor-
responding metabolite concentration value. This way of using a threshold, relative to the 
concentration, could introduce a bias towards higher concentrations in metabolites with 
CRLBs in the threshold range (close to 50%). When calculating absolute CRLBs first (exclud-
ing CRLBs above 200%), and then establishing an absolute CRLB threshold at 50% of the 
median of all concentrations, this bias could be removed and perhaps more concentration 
values can be included. Doing so for GABA in WM as an example, the median concentra-
tion of GABA was 1.2mM, and a 50% CRLB of this median value lead to an absolute CRLB 
threshold of 0.6 mM. With this absolute threshold 47 rather than 34 spectra had acceptable 
GABA fits, and mean level of GABA, SD, CoV and mean CRLB were 1.2 mM, 0.5mM, 25.6% 
Figuur 5.6: Repeatability of metabolites (A&B) presented in Figure 5. The concentrations obtained from the first 
scan (horizontal axis) are plotted against the concentrations from the second scan (vertical axis), with le – posterior 
cingulate cortex and right – corona radiata. Note that the close proximity of these metabolites to the identity line 
(x=y) reveals high test-retest reproducibility, also shown by the low CoV. The bottom row (C&D) shows a zoomed-in 
view of the tCho concentrations. The coe£icient of variation (CoV) for this metabolite was 4.0% for gray matter (ICC-
subject = 57%) and 3.4% for white matter (ICCsubject = 85%). It is clear that most variation results from di£erences 
between volunteers (markers, clustered), rather than from di£erences between institutes (colors, more randomly 
distributed).
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and 41.6%, respectively. Indeed, more spectral fits were included and mean concentration 
of GABA was lower (though not significantly), as compared to using the relative threshold 
only (Table 3), at a cost of a larger uncertainty and CoV.
Several other studies have investigated the variation in the level of metabolites in the 
human brain using MRS on lower field strengths (≤3T) (Deelchand et al., 2014; Michaelis et 
al., 1993; Wiedermann et al., 2001; Wijnen et al., 2010b) and on UHF at a single site (Boer 
et al., 2011; Emir et al., 2012; Mekle et al., 2009; Tkac et al., 2009). The increased accuracy 
in detection of neurochemical profiles at UHF is supported by the lower CoV compared to 
other studies (Brooks et al., 1999; Chard et al., 2002; Deelchand et al., 2014; Gu et al., 2008; 
Hammen et al., 2005; Li et al., 2002; Marshall et al., 1996; Wellard et al., 2005; Wiedermann 
et al., 2001; Wijnen et al., 2010b). This suggests that metabolites involved in inhibitory and 
excitatory neurotransmission, such as NAAG, Glu and Gln, can now be detected with higher 
accuracy. However, detection of neurotransmitters like GABA, Gly or antioxidants like GSH 
remains challenging due to their low concentrations and overlap with other metabolites 
(Near et al., 2013). Alternatively, these metabolites can be detected using spectral editing 
techniques, which could provide higher precision, but at the cost of larger VOI’s and longer 
TE’s (Terpstra et al., 2006; Trabesinger and Boesiger, 2001).
In this study the TR was set to 8 seconds to remain within SAR-limits. This  long TR is 
advantageous for absolute quantification as all spins involved can return to full Boltzmann 
equilibrium, at the expense of in-e£iciency in SNR. Shorter TR can only be chosen if the 
total RF power deposition is decreased, e.g. by removing or changing OVS pulses, or replac-
ing the adiabatic refocusing pulses with gradient modulated o£set-independent adiabatic 
pulses with less RF power demand (Tannus and Garwood, 1997a), or by using B1+ shimming 
(Metzger et al., 2008).  However, shorter TR introduces a steady state in metabolite signal 
intensities, therefore an additional correction on the basis of assumed or measured T1 of 
the metabolites is needed to obtain absolute quantification.
Variations in concentrations of many metabolites can be attributed to di£erences be-
tween subjects and between institutes, as is shown by the ICCs for Glu, mI, Scyllo, tCre 
and tCho (highest ICCs for ‘subject’) and for Gln, GSH and tNAA (highest ICCs for ‘institute’). 
For the latter, absolute concentrations between institutes contain a bias that needs to be 
taken into account in future comparisons. This bias could be related to di£erences in SNR 
and in FWHM between vendors (12% di£erences on average, P<0.001). Especially in the low 
SNR regime a systematic di£erence in line width can lead to a bias in the corresponding 
metabolite concentrations (Near et al., 2013). The ICC Table (Table 4) provides a handle 
to identify which metabolites can be measured with the used setup and parameters with 
a precision high enough to detect between-subject di£erences in healthy volunteers. It 
also illustrates that for metabolites with low concentrations the systematic noise in these 
measurements is higher than between-subject di£erences, which is directly related to 
repeatability. These data will allow assessments of whether disease-related metabolic 
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changes in certain pathologies are indeed larger than naturally occurring between-subject 
concentration di£erences.
This study had several limitations. Firstly, the chosen voxel positions are representative 
for gray and white matter, but chosen at locations that are not di£icult to shim. Shim-
ming voxels closer to the skull or in deep brain will be more di£icult, resulting in broader 
lines and less accurate metabolite quantification. Secondly, although supervised by two 
experienced operators, voxel (re-)positioning was performed manually, possibly introduc-
ing small di£erences in tissue partial volumes. Automated voxel positioning (Hancu et al., 
2005) would alleviate this problem and should be more widely implemented. Perhaps also 
the imaging pulse sequence would need exact homogenization between systems to have 
the exact same contrast between gray and white matter before segmentation. Thirdly, the 
initially determined maximum achievable B1-transmit amplitude of 23µT was somewhat 
high in retrospect. Due to di£erent coil load by di£erent subjects, a B1 of 23µT could not be 
reached in all cases, thereby decreasing the flip angle of the excitation pulse and slightly 
decreasing the amplitude (5%) of the  adiabatic refocusing pulses. Poor water suppression 
coincided with the reduced peak power at a single site, especially for the voxel positioned 
in the corona radiata. This could be a result of the automatic water suppression calibration 
at the Philips sites. Lastly, correction of T2-relaxation e£ects was solely based on the T2 of 
Creatine as only a limited number of T2-values of di£erent metabolites in brain for 7T was 
available (Marjanska et al., 2012). 
To conclude, harmonization of data acquisition and post-processing of single voxel 
1H-MRS produces very similar results at four di£erent 7 Tesla systems. The accuracy and 
reproducibility obtained with the semi-LASER sequence in this multi-center, multi-vendor 
setting at ultra-high magnetic field strength of in-vivo measured neurochemical profiles 
can be used as guidance for quantifying metabolite concentrations in future (clinical) stud-
ies.
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Appendix - Metabolite Scaling Factor
In this study a combination of four correction factors was used to calculate the metabolite 
concentrations. The concentrations were corrected for TE (T2), TR (T1), MT and partial 
volume (PV) e£ects. This correction scales the concentration and can be written as: 
fscale = fTE ∙ fTR ∙ fMT ∙ fPV (5.4)
where each factor contributes to the scale factor fscale  that was used to correct individual 
concentrations aer the LCModel analysis (15):
Concentration  = Concentration  ∙ fscale (5.5)
with Concentration  being the concentration of the individual metabolites given by 
LCModel and Concentration  being the concentration of the individual metabolites 
aer scaling. 
We determined di£erent scaling factors for both VOI’s and for each subject, to di£erenti-
ate between gray and white matter and minimize variances between subjects. The factors 
described in formula (A.4) were calculated as follows:
Correction for TE
fTE = 
e-TE/T2H2O  (5.6)
e-TE/T2met
signals were corrected for T2-relaxation e£ects. In this study we used a TE of 30ms, which 
is long enough to attenuate signals as a result of T2-decay. The following parameters were 
used for this correction: TE = 30ms, T2H2O = 47ms and T2Met = 107ms. This latter value is 
the mean T2-relaxation rate for the methyl (CH3, 3.03ppm) and methylene (CH2, 3.92ppm) 
protons of the total Cre signal (39). All signals in both GM and WM were corrected using this 
single value. 
Correction for TR
fTR = 
1 - e-TR/T1H2O ≈1 (5.7)
1 - e-TR/T1met
no additional correction for T1-e£ects was needed. We used a long TR such that signal 
was not saturated by repetition, since TR = 8000ms, T1H2O = 2000ms (GM) and 1550ms (WM) 
and T1Met = 1440ms, which is the mean T1-relaxation rate for the methyl and methylene 
protons of the tCre signal (40). 
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Correction for MT-effects
fMT = (1 - fMTwref)-1 (5.8)
the unsuppressed water reference spectra used to quantify metabolite concentrations 
had less signal from water in the presence of OVS as a result of MT-e£ects (9). Signals from 
less mobile, o£-resonant protons (exchanging with bulk water) within the voxel are sup-
pressed by OVS and thereby decreasing the total water signal from the voxel. In this study 
corrections for MT-e£ects were performed per subject and per voxel, with mean e£ect sizes 
in percentages of 9 ± 2% in GM and 17 ± 1% in WM (fMTwref is the fractional change in wref per 
subject and per voxel).
Correction for Partial Volume
fPV =
ConcRef =
[GM]∙ fGM + [WM] ∙ fWM + [CSF]∙ fCSF  (5.9)
ConcPV [Ref] ∙ (1 - fCSF)
this last factor was used to correct the initial assumed water concentration, or partial 
volume based on the content of the separate fractions (GM, WM and CSF). Additionally, the 
factor 1 / (1 - fCSF corrects for the fact that the metabolites are only present in the gray matter 
and white matter tissue, rather than in CSF (18). Although we initially used assumed water 
concentrations of 43.3M for GM, 35.9M for WM and 55.6M for CSF (18), aer determining par-
tial volumes (ConcPV) at the locations of the voxels an additional correction was needed, 
because the water concentration (ConcRef ) was underestimated by 4.5 ± 5.8% for GM voxels 
(due to CSF contribution) and by 3.1 ± 0.9% in WM voxels. Omission of this correction would 
result in overestimation of metabolite concentrations. We corrected partial volumes for GM 
& WM separately and for each subject (Table 2). Note that  fGM + fWM + fCSF = 1.
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Abstract 
An oen-employed strategy to enhance signals in 31P MRS is the generation of the nuclear 
Overhauser e£ect (NOE) by saturation of the water resonance. However, NOE allegedly in-
creases the variability of the 31P data, because variation is reported in NOE enhancements. 
This would negate the signal-to-noise (SNR) gain it generates. We hypothesized that the 
variation in NOE enhancement values is not caused by the variability in NOE itself, but is at-
tributable to measurement uncertainties in the values used to calculate the enhancement. 
If true, the expected increase in SNR with NOE would improve the repeatability of 31P MRS 
measurements. To verify this hypothesis, a repeatability study of native and NOE-enhanced 
31P MRSI was performed in the brains of seven healthy volunteers at 7 T. The repeatability 
coe£icient (RC) and the coe£icient of variation in repeated measurements (CoVrepeat) were 
determined for each method, and the 95% limits of agreement (LoAs) between native and 
NOE-enhanced signals were calculated. The variation between the methods, defined by 
the LoA, is at least as great as that predicted by the RC of each method. The sources of 
variation in NOE enhancements were determined using variance component analysis. In 
the seven metabolites with a positive NOE enhancement (nine metabolite resonances as-
sessed), CoVrepeat improved, on average, by 15%. The LoAs could be explained by the RCs 
of the individual methods for the majority of the metabolites, generally confirming our 
hypothesis. Variation in NOE enhancement was mainly attributable to the factor repeat, 
but between-voxel e£ects were also present for phosphoethanolamine and (glycero)
phosphocholine. CoVrepeat and fitting error were strongly correlated and improved with 
positive NOE. Our findings generally indicate that NOE enhances the signal of metabolites, 
improving the repeatability of metabolite measurements. Additional variability as a result 
of NOE was minimal. These findings encourage the use of NOE-enhanced 31P MRSI.
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REPEATABILITY OF 31P MRSI WITH AND WITHOUT NOE
Introduction
Phosphorus (31P) MRS is a non-invasive technique for the study of tissue metabolism under 
various physiological and pathophysiological conditions. Human organs and tissues fre-
quently investigated using 31P MRS include the liver (Solga et al., 2005; ter Voert et al., 2011), 
skeletal muscle (Argov et al., 2000; Kemp et al., 2007), heart (Hudsmith and Neubauer, 2009) 
and brain (Andrade et al., 2014; Martin, 2007), and studies concerning the prostate (Lage-
maat et al., 2014), placenta (Sohlberg et al., 2014) and breast (Stehouwer et al., 2014) have 
also been reported recently. Metabolic changes can be followed over time with dynamic 
31P MRS, and MRSI allows the two- or three-dimensional (2D/3D) mapping of metabolites 
to study their spatial distribution.
The low intrinsic sensitivity of in vivo 31P MRS and MRSI, however, impedes the regular use 
of these techniques. Obviously, advances in radiofrequency (RF) coil design and increases 
in magnetic field strength have been embraced to gain 31P sensitivity, enabling reduced 
overall acquisition times or increased spatial resolution. The sensitivity of 31P spectra can 
also be improved by adding proton (1H) irradiation to the MR sequence (Bachert-Baumann 
et al., 1990; Freeman and Hurd, 1997; Luyten et al., 1989). Proton irradiation may activate 
two physical mechanisms: decoupling and the nuclear Overhauser e£ect (NOE). 
The first process, proton decoupling, is particularly useful at clinical field strengths 
(1.5–3 T), where the linewidth of the resonances of interest aer shimming can be of similar 
size to the weak heteronuclear 31P –1H J couplings (5–7 Hz). Without proton decoupling, 
the coupled metabolites split into doublets or triplets, giving rise to broad resonances 
and spectral overlap. Many metabolites present in an in vivo 31P spectrum contain one 
or more weak 31P–1H J couplings, i.e. phosphoethanolamine (PE), phosphocholine (PC), 
glycerophosphoethanolamine (GPE), glycerophosphocholine (GPC), 2,3-diphosphoglycer-
ate, α-adenosine triphosphate (α-ATP) and nicotinamide adenine dinucleotide (NAD+ 
and NADH). The improvement in spectral resolution obtained by decoupling reduces the 
spectral overlap of the 31P metabolites and thus allows better peak assignment and, con-
sequently, better spectral quantification. Decoupling can be achieved by applying high-
power broad-band proton irradiation during 31P signal acquisition, creating high specific 
absorption rates (SARs) at higher field strengths.
The second process of signal improvement, NOE, uses lowpower proton irradiation to 
saturate the water resonance in between 31P signal acquisitions. The saturated water pro-
tons can increase the steady-state magnetization of the 31P nuclei through dipolar interac-
tions, resulting in enhanced 31P metabolite signal intensities. In vivo enhancements of up to 
80% have been reported (Brown et al., 1995), which encourages the use of NOE-enhanced 
31P MRS or MRSI. Because NOE requires considerably less power than decoupling, it is also 
suited for higher magnetic field strengths. 
Absolute NOE enhancement values are dependent on the extent to which the dipolar 
31P –1H interaction mediates T1 relaxation of the 31P spins (Mathur-De Vre et al., 1990). 
The enhancement values therefore vary between metabolites, and are dependent on the 
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mobility of the metabolites in the tissue and the magnetic field strength (Bottomley and 
Hardy, 1992; Brown et al., 1995; Lagemaat et al., 2015; Lei et al., 2003; Li et al., 1996; Murphy-
Boesch et al., 1993; Tyler et al., 2009; Wylezinska et al., 2011). Su£icient saturation of the 
water resonance is essential to maximize NOE enhancement (Bachert-Baumann et al., 
1990; Freeman and Hurd, 1997), and needs to be optimized for each sequence. At ultrahigh 
magnetic field strengths, it is even more important to determine the minimum transmit RF 
amplitude (B1+) for constant NOE, because of the known spatial inhomogeneities in the B1+ 
field (Lagemaat et al., 2015). 
The in vivo NOE signal enhancement seemed very beneficial initially (Brown et al., 1995), 
but considerable variation was later reported in NOE enhancement values per metabolite, 
even if the measurements were calibrated well (Lagemaat et al., 2015a; Lei et al., 2003; Tyler 
et al., 2009). This has raised concerns that the use of NOE might add variability to the 31P 
data, negating the gain in signal-to-noise ratio (SNR). We hypothesized that the variation in 
NOE enhancement values is not caused by variability in NOE itself (i.e. non-constant NOE 
enhancements as a result of natural variation or inadequate NOE calibration), but is attrib-
utable to measurement uncertainties in the values used to calculate NOE enhancement. If 
true, this would argue for the use of NOE as the SNR is expected to increase, which would 
potentially decrease measurement uncertainties. To test this hypothesis, repeated mea-
surements with both methods, i.e. native, non-enhanced 31P MRS/MRSI and NOE-enhanced 
MRS/MRSI, are needed. The measurement uncertainties of the two methods, estimated by 
their repeatabilities, limit the amount of agreement possible between the two methods, 
and thus define a minimum variation in NOE enhancement values per metabolite (Bland 
and Altman, 1999). 
Ultimately, we wish to answer the question of whether or not to use NOE in 31P MRS/
MRSI studies in any tissue at any field strength. Because of the dependence of NOE en-
hancements on dipolar relaxation processes and saturation e£iciency, spatial variations in 
NOE enhancement might be possible, and these may depend on the tissue type and state 
(healthy and diseased) and the field strength. To reduce complexity regarding all of these 
issues, the research question in this study was narrowed down to the possible beneficial 
e£ect of NOE on 31P MRSI of the healthy human brain at 7 T. To answer this question, we 
performed repeated measurements of native 31P MRSI and NOE-enhanced 31P MRSI in the 
brains of healthy volunteers at 7 T.
Experimental Details
Hardware
Measurements were performed on a 7-T whole-body MR research system (MAGNETOM, 
Siemens Healthcare, Erlangen, Germany). An eight-rung high-pass quadrature birdcage 
coil tuned to 31P (120.3 MHz) was used (van de Bank et al., 2015), which was designed to fit 
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within a homebuilt eight-channel 1H array head coil with meander elements (Orzada et al., 
2009). The safety of the coil combination has been assessed previously (van de Bank et al., 
2015). 1H MRI and 1H saturation for NOE generation were performed with an add-on system 
for RF shimming, which also performed real-time SAR monitoring on both the 1H and 31P 
channels (Bitz et al., 2009; Kobus et al., 2012).
Subjects
Seven healthy volunteers (six men, one woman; mean age, 30 years; range, 21–39 years) 
participated in this study. The study was conducted in accordance with all guidelines 
set forth by the approving institutional review board, and signed informed consent was 
obtained from all subjects before the measurements.
NOE Generation
To ensure e£icient water saturation for NOE, a wideband alternating-phase low-power 
technique for zero residual splitting (WALTZ-4, historically used for decoupling) (Shaka et 
al., 1983) was adopted. The WALTZ-4 train was applied during the full TR, except during the 
31P RF pulse and the 204 ms of signal acquisition. The durations of the individual pulses 
of one WALTZ subtrain were 2.5, 5.0 and 7.5 ms, with 2.5-ms pauses in between segments, 
requiring 14 WALTZ-4 trains of 90 ms for each TR. The minimum power needed to generate 
constant NOE enhancements for this setting of WALTZ-4 was determined to be 30 Hz in 
previous phantom experiments [partly presented in ref. (Lagemaat et al., 2015)].
MR Measurement Protocol
Anatomical images for planning of the 3D 31P MRSI measurements were acquired using a 3D 
T1-weighted magnetizationprepared rapid acquisition gradient echo (MPRAGE) sequence. 
Magnetic field (B0) phasemap shimming was performed to optimize the B0 homogeneity in 
the posterior region of the brain. The 1H transmit RF amplitude (B1+) was maximized in the 
same region using RF shimming. The amplitude of WALTZ-4 pulses to generate a constant 
NOE was set to reach at least 30 Hz in the posterior part of the brain using absolute B1+ 
maps (Fig. 1A). These maps were acquired using a magnetization-prepared gradient echo 
sequence (TR = 5000 ms; TE = 5 ms; magnetization preparation flip angle, 90°; excitation flip 
angle, 10°) (Fautz et al., 2008). 
Flip angle calibration for 31P was performed using a sliceselective pulse acquire sequence 
(6 ms excitation pulse, TR = 15 s), selecting a 40-mm-thick slice through the posterior brain 
(Fig. 1B). The amplitude of the RF pulse was varied between shots to find the maximum 
magnitude of the phosphocreatine (PCr) peak. This maximum was assumed to correspond 
to 90° excitation, and all 31P RF amplitudes in the subsequent MRSI sequences were scaled 
relative to this value. 
For the 3D 31P MRSI measurements, a pulse acquire sequence was used with a block pulse 
of 300 μs for excitation (flip angle, 45°) and TR = 1500 ms. The field of view (FOV) was set to 
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240 × 240 × 240 mm3 and the 3D phase-encoding matrix to 12 × 12 × 8, creating isotropic 
dimensions in the transverse plane. The delay between the excitation pulse and the start 
of data acquisition was 410 μs. An elliptical k-space acquisition scheme was applied (one 
average) and the k-space was Hamming filtered (100%). The nominal voxel size of 20 × 20 × 
30mm3 was therefore enlarged to a ellipsoid-shaped voxel volume of approximately 38 cm3 
(Scheenen et al., 2004). The MRSI acquisition of 7 min 48 s was repeated four consecutive 
times. The first and third MRSI acquisitions were obtained without 1H irradiation (native), 
and the second and fourth MRSI acquisitions with 1H irradiation to generate NOE.
Figure 6.1: Overview of the preparation steps for native and nuclear Overhauser e£ect (NOE)-enhanced 31P MRSI 
and data analysis in one subject. (A) Transversal absolute 1H B1+ map aer B1+ calibration to obtain at least 90° 
flip angles (FAs) in the posterior part of the brain, allowing minimally 30 Hz NOE power. (B) Sagittal magnetization-
prepared rapid acquisition gradient echo (MPRAGE) image. The location of the absolute 1H B1+ map is indicated by 
the red line and the slice selection for flip angle calibration of 31P is indicated by the white lines. The yellow arrows 
indicate signal dropout caused by low B1+. (C) Transversal MPRAGE image with the spectroscopic grid as an overlay. 
The voxels indicated in blue were used for data analysis. The approximate real voxel size is indicated by the yellow 
dotted circle. A, anterior; P, posterior.
Data Analysis - Voxel Selection and Spectral Fitting
Three non-neighboring MRSI voxels were selected per volunteer (Fig. 6.1C). Care was taken 
to select only voxels that received a minimum 1H B1+ of 30 Hz in the case of NOE generation, 
were situated completely within the brain, and showed good spectral quality in all four 
MRSI datasets. Di£erent voxel locations were chosen per volunteer. The average B1+ in each 
selected voxel was estimated using the absolute B1+ map.
The 31P spectra of the selected voxels were fitted with Metabolite Report, a work in prog-
ress package from Siemens Healthcare (Erlangen, Germany). Metabolite Report performs 
automated, prior knowledge-based, complex fitting in the time domain and has previously 
been applied to 7-T 31P spectroscopy data of the prostate (Lagemaat et al., 2014b). The 
spectral resonances PE, PC, GPE, GPC, inorganic phosphate (Pi), α-, γ-, β-ATP and NAD+/
NADH were fitted using Gaussian lineshapes, whereas PCr was fitted with a Lorentzian 
lineshape. Prior knowledge of the relative peak frequencies and the 31P J-coupling pat-
terns in the ATPs was used. The linewidths of PE, PC, GPE and GPC were assumed to be 
the same and thus constrained to each other. The quality of the spectral fit was assessed 
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using the Cramér–Rao lower bound (CRLB) values and qualitatively by visual inspection by 
a spectroscopist. The CRLB values of the fits with and without NOE were compared using a 
paired t-test per metabolite.
Only metabolite fits with a CRLB below 30% were considered to be reliable. The original 
spectra and the fitting results were visually inspected and, if a metabolite peak was visually 
present and its fit was assigned to the correct resonance, giving a minimal residue, the 
fitting result was accepted. Only metabolites which passed both quality checks were used 
in further analyses. 
The NOE enhancement (η) per metabolite in each selected voxel was calculated by:
η =
NOEenhrepeat - nativerepeat
 (6.1)
nativerepeat
with NOEenhrepeat and nativerepeat representing the mean metabolite peak integral of the 
two repeated measurements using NOE-enhanced and native MRSI, respectively.
Theory of Repeatability and Method Comparison
To be able to answer our research question, we used an approach presented by Bland and 
Altman (Bland and Altman, 1999) to assess the agreement between two methods of clinical 
measurement. The term ‘agreement’ might be misleading here, as a di£erence between 
the native and NOE-enhanced method is expected because of the NOE enhancements for 
most metabolites. However, the agreement between methods, or the lack of it, has two 
components: bias, i.e. the mean di£erence between the methods, and random variation. 
The random variation is at least as great as that predicted by the repeatability of each 
method, but may be larger because of heterogeneity between individual measurement 
units (e.g. subjects, but, in this study, individual voxels as well). For the correct interpreta-
tion of the measure of agreement between methods, it is thus essential to first determine 
the repeatability of each individual method.
Statistical Analysis of Repeatability and Method Comparison
Useful measures for the repeatability of a method are the repeatability coe£icient (RC) and 
the coe£icient of variation in repeated measurements (CoVrepeat). The RC defines the width 
of the interval within which we expect the absolute di£erence between two measurements 
with the same method to lie in 95% of cases. It is defined as √ 2 ∙ 1.96 ∙ σrepeat = 2.77∙ σrep
eat, where σrepeat is the standard deviation of repeated measurements. Once the RCs are 
known for two methods, their repeatability intervals (2 × RC) can be compared directly with 
the interval of the 95% limits of agreement (LoAs) between the two methods (see below), 
allowing us to assess how much of the observed variation between the methods can be 
explained by the repeatability of the individual methods (Bland and Altman, 1999).
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In the present work, σrepeat was estimated for each metabolite and each method (na-
tive and NOE-enhanced) by decomposing the total observed variance into the factors 
‘between-subject’, ‘between-voxel’ (or ‘within-subject’) and ‘repeat’ (or ‘withinvoxel’): 
σ 2tot = σ 2between - subject + σ 2between - voxel + σ 2repeat (6.2)
This was performed by fitting a three-level no-predictors linear mixed model to the data 
of each metabolite and method, in which ‘subject’ and ‘voxel’ were treated as level-3 and 
level-2 random intercepts, respectively.
CoVrepeat is a normalized measure of σrepeat to study relative repeatability:
CoVrepeat = 
σrepeat
∙ 100% (6.3)
μ
where μ is the mean of the metabolite integrals of all voxels and repeated measurements, 
without or with NOE (μnative and μNOEenh). The native and NOE-enhanced CoVrepeat values were 
determined per metabolite and for metabolite ratios using standard error propagation 
methods. The apparent CoVrepeat of NOE-enhanced metabolite intensities, corrected for 
their enhancement (which is needed for absolute quantification), was also calculated 
using error propagation. A relationship between the quality of the metabolite fits and the 
repeatabilities of the metabolites was explored by the Pearson correlation between CRLB 
and COVrepeat.
The agreement between native and NOE-enhanced 31P MRSI was quantified using their 
95% LoAs. The interval of 95% LoA is determined by the overall bias between the two meth-
ods (d) and the variation around this mean di£erence, expressed by the standard deviation 
of the di£erences (σd):
95%LoA = d±1.96 ∙ σd (6.4)
The LoAs were calculated using nativerepeat and NOEenhrepeat (the mean integrals of the 
two repeated measurements per voxel with each method). The overall bias d was esti-
mated using:
d = 〈NOEenhrepeat - nativerepeat〉 (6.5)
where the brackets denote the average over all voxels. As we include all data in the calcu-
lation of the agreement, using the two repeated measures for nativerepeat and NOEenhrepeat, 
the observed standard deviation of the di£erences between pairs of means of repeated 
measures sd requires an adaptation to attain the standard deviation of the di£erences 
between the methods σd (Bland and Altman, 1999):
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σd2 = sd2 + 
σ 2repeatnative
+
σ 2repeatNOEenh
 (6.6)
2 2
The 95% LoA and the repeatability intervals were compared for each metabolite. If these 
ranges are similar, the (lack of) agreement is fully explained by the (lack of) repeatability. 
If the range of the 95% LoA is considerably wider than the repeatability intervals of the 
individual methods, (some) additional heterogeneity exists between the individual voxels 
and subjects in NOE enhancement (i.e. NOE would introduce additional signal variation). 
The presence of NOE-induced additional signal variation between voxels and subjects 
was also assessed by variance components analysis of measured NOE enhancements, 
using the same model as described above (Equation (6.2)). 
The e£ect of NOE on the peak integrals of individual metabolites was tested for signifi-
cance using similar three-level mixed models as above, with ‘NOE’ as an additional fixed 
factor. To test whether the minimum 1H power criterion of 30 Hz for constant NOE was suf-
ficient in vivo, linear mixed models of the NOE enhancements of the individual metabolites 
were constructed, which included local B1+ as a fixed covariate. The possible e£ect of local 
B1+ on NOE enhancement was assessed using these models. Statistical test outcomes with 
p<0.05 were considered to be significant.
Results
All subjects completed the full scan protocol, without having to repeat any measurements. 
The minimum power condition of 30 Hz for NOE was reached in every subject in the poste-
rior part of the brain (example in Fig. 6.1). All measurements could be performed within the 
simulation-based SAR limits (15 W/6 min into the coil), governed by local SAR limits and an 
additional 40% safety margin. The power on the 1H channel had the highest contribution 
to the total SAR. High-quality spectra were obtained throughout large parts of the brain, 
but, to meet the 30-Hz criterion on 1H, only voxels from the posterior brain region were 
selected for quantification. The β-ATP intensity was strongly attenuated or not present 
because it was outside the e£ective bandwidth of the excitation pulse, and was therefore 
excluded from further analysis. The PC and NAD resonances were sometimes only visible 
as a small shoulder on the right side of PE or α-ATP, respectively. An example of a spectral 
fit is presented in Supporting information.
Small variations in spectral patterns between repeated measurements using the same 
method were observed, and NOE enhancements could also be observed visually (Fig. 6.2). 
For all metabolites, except α-ATP, the quality of the spectral fit was significantly better in 
the NOE-enhanced 31P MRSI data than in the native 31P MRSI data (Table 6.1). From 378 
metabolite signals (seven volunteers × 2 measurements × 3 voxels × 9 signals) in the native 
31P MRSI data, 15 metabolite fits had a CRLB above 30% (PC, 2; NAD, 13), whereas from 378 
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signals in the NOE-enhanced 31P MRSI data, this occurred twice (PC, 1; NAD, 1). None of the 
metabolite signals with a CRLB below 30% was discarded by visual inspection. 
NOE enhancement factors varied between metabolites (Table 6.1, Fig. 6.3), with mean 
enhancements up to 39%. The fitted 31P metabolite integrals were significantly higher (p ≤ 
0.003) using NOE for all metabolites, except α-ATP. PE, PC, Pi, GPE, GPC and NAD showed 
considerable variation in NOE enhancement between the voxels, but outliers did not result 
from the same voxels. 
The RCs of native and NOE-enhanced 31P MRSI were comparable for all metabolites, 
except for GPE and NAD (Fig. 6.4A). GPE was considerably less repeatable with NOE, 
whereas NAD was more repeatable with NOE. Because of the signal increase with NOE, 
Figure 6.2: Example of repeated spectra of the same voxel in one volunteer using native 31P MRSI (le, native) and 
nuclear Overhauser e£ect (NOE)-enhanced 31P MRSI (right, NOEenh). Variations between the individual measure-
ments per method are visible, and the NOE-enhanced spectra show a clear increase in signal for several metabolites. 
γ- and α-ATP, γ- and α-adenosine triphosphate; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; 
NAD, nicotinamide adenine dinucleotide; PC, phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; 
Pi, inorganic phosphate.
Figure 6.3: Nuclear Overhauser e£ect (NOE) enhance-
ments (η) per voxel of 31P metabolite resonances in 
human brain at 7 T. NOE enhancement resulting from 
the first and second sets of native and NOE-enhanced 
measurements are shown in black and red, respec-
tively. γ- and α-ATP, γ- and α-adenosine triphosphate; 
GPC, glycerophosphocholine; GPE, glycerophospho-
ethanolamine; NAD, nicotinamide adenine dinucleo-
tide; PC, phosphocholine; PCr, phosphocreatine; PE, 
phosphoethanolamine; Pi, inorganic phosphate.
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CoVrepeat (relative repeatability within voxels) was better in NOE-enhanced data for PE, PC, 
Pi, GPC, PCr and NAD (Table 6.2, Fig. 6.4B). Similarly, the relative repeatability of metabolite 
ratios containing these metabolites improved with NOE (Table 6.2). In general, CoVrepeat 
was best for PCr, γ-ATP and α-ATP, i.e. metabolites with the highest signal integrals and 
smallest fitting errors (Table 6.2). Correcting NOE-enhanced metabolite intensities for their 
enhancement factors for absolute quantification purposes caused a larger variation in all 
metabolites compared with the native or NOE-enhanced data (Table 6.2). A strong correla-
tion existed between mean CRLB and COVrepeat (R2 = 0.91, p<0.0001, Fig. 6.5). 
The agreement between native and NOE-enhanced 31P MRSI, expressed by the 95% LoA, 
was in the range of the repeatability intervals of the individual methods for all  metabolites 
except PE (Fig. 6.4A). The variation in NOE enhancements between subjects was dominated 
by the ‘repeat’ component for all metabolites (mean 85%, minimum 60% of total variance for 
PE, Fig. 4B). Between-subject variations were negligible (mean 3%, maximum 10% of total 
variance), whereas between-voxel di£erences explained a noticeable fraction of the variance 
only for PE (40%), GPC (34%) and PC (19%). Absolute 1H B1+ (≥30 Hz) was not a significant 
predictor for NOE enhancement levels (p>0.11) for any of the metabolites except PC (p = 
0.04). For the latter, 1H B1+ only partially explained the between-voxel variations: controlling 
for this factor still yielded unexplained between-voxel variations of 10% of the total variation.
Figure 6.4: (A) 95% limits of agreement (LoA) between the two methods and repeatability intervals (2 × RC) of 
each method. (B) Variance components in nuclear Overhauser e£ect (NOE) enhancement. γ- and α-ATP, γ-and 
α-adenosine triphosphate; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; PC, phosphocholine; 
PCr, phosphocreatine; PE, phosphoethanolamine; Pi, inorganic phosphate; NAD, nicotinamide adenine dinucleo-
tide; NOEenh, NOE-enhanced; RC, repeatability coe£icient.
CHAPTER 6
94
Discussion
This study was performed to answer the question of whether or not we should use NOE 
in 31P MRS(I). To a great extent, this question can be answered with ‘yes’, but we discuss 
several aspects which should be taken into consideration in deciding on whether or not 
to use NOE. 
Figure 6.5: Relationship between the fitting error of the metabolites [expressed as percentage Cramér–Rao lower 
bound (CRLB), average across subjects] and the relative repeatability (expressed as the coe£icient of variation in 
repeated measurements, COVrepeat) of the metabolites. Black symbols, native; red symbols, nuclear Overhauser 
e£ect (NOE)-enhanced.
Significantly higher 31P signals were measured using NOE for most metabolites, whereas 
none of the metabolites showed a (significant) decrease in signal. Moreover, the signal 
enhancement significantly improved the fitting quality of the metabolite resonances with 
a positive NOE enhancement. These favorable aspects of NOE at 7 T have been reported 
previously (Lagemaat et al., 2015a; Lei et al., 2003) and, in particular, the first reason has 
historically led to the use  of NOE in in vivo studies. However, when quantifying NOE en-
hancements per metabolite using native and NOE-enhanced 31P MRSI data, considerable 
variation in enhancement values was observed in this study, reproducing the findings 
in many previous studies of di£erent tissues at di£erent field strengths (Bottomley and 
Hardy, 1992; Lagemaat et al., 2015a; Lei et al., 2003; Li et al., 1996; Murphy-Boesch et al., 
1993; Wylezinska et al., 2011). This variation may indicate a lack of agreement between the 
two methods and, in unreplicated studies, this can be interpreted as NOE adding variability 
to the data. However, it might also be caused by poor repeatability of (one of) the methods. 
The design of this study allowed us to put this variation into the perspective of the repeat-
ability of the individual methods. For a good repeatability study, all measurements need to 
be performed with the same system and method, within a short  period of time. This is in 
contrast with reproducibility studies, in which the variation in measurements is observed 
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under changing conditions (Bartlett and Frost, 2008). Our hypothesis was that variation in 
NOE enhancement values is caused by the limited repeatability of the underlying methods 
(native and NOE-enhanced 31P MRSI). The measurement uncertainties of the 31P metabolite 
values will propagate in the calculation of the NOE enhancement. 
The similarity of the 95% LoA of both methods and the 95% repeatability intervals of each 
method, as well as the dominance of the factor repeat in the NOE enhancement, confirmed 
our hypothesis. The metabolites PC, Pi, GPE, GPC and NAD showed considerable variation 
in NOE enhancements, but this apparent lack of agreement between the methods could 
be traced back to the repeatabilities of both methods for these metabolites. It depends 
on the application of the method as to what relative repeatability can be considered to be 
su£icient, but, for all of these metabolites, CoVrepeat was above 10% with native 31P MRSI, 
and improved for all except GPE with NOE. Similarly, CoVrepeat of ratios containing these me-
tabolites improved with NOE. GPE showed both a higher absolute and relative repeatability 
with NOE, although a NOE enhancement of 30.1% was observed. We suspect this finding to 
be incidental, resulting from the limited sample size and low SNR of this metabolite. NOE 
enhancements are known to be dependent on the dipolar relaxation time (Mathur-De Vre 
et al., 1990), which might be a£ected by pH or temperature, but all circumstances were 
kept the same between the repeated measurements, and so it is unlikely that the dipolar 
relaxation time changed within a voxel between the two repeated NOEenhanced 31P MRSI 
measurements. The relative repeatability of metabolites with endogenously higher signal 
intensities and smaller fitting errors was better (PCr, γ-ATP and α-ATP) than that of me-
tabolites with lower signal intensities, even though their absolute repeatability was slightly 
worse. These metabolites also showed the smallest variation in their NOE enhancement 
values. The strong linear correlation between the quality of fit, expressed by CRLB, and the 
relative repeatability indicated that CRLB values present a good measure of the relative 
repeatability of 31P MRSI.
PE and, to a smaller extent, PC and GPC showed an improvement in relative repeatability 
with NOE, but both the Bland–Altman-based analysis and the decomposition of variance 
in NOE enhancements indicated the presence of additional heterogeneity between voxels 
in addition to repeatability variations. We tested and excluded local 1H B1+ as the reason for 
the additional variation with NOE. A di£erent reason for the additional variation between 
voxels with NOE could be spatial di£erences in dipolar interaction between the 1H and 31P 
spins related to tissue type. Because of the large true voxel size in this study, selected voxels 
contained a mixture of gray and white matter, and they were sometimes also contaminated 
with skull tissue or cerebral fluid. The di£use border of the voxels (Scheenen et al., 2004; 
Vikho£-Baaz et al., 2001) precluded the analysis of the exact tissue distribution within the 
spectroscopic voxels by segmentation. The study of the possible e£ect of tissue type on 
NOE enhancements would require a much higher spatial resolution and thus considerably 
longer acquisition times.
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The e£ect of proton decoupling on the repeatability of 31P MRSI, solely or in combination 
with NOE, was not investigated in this study. The beneficial e£ect of proton decoupling 
decreases with field strength, and it adds considerably to the SAR burden. In this 7-T study, 
we opted to saturate the water resonance to generate NOE with a strategy well known 
from decoupling: the WALTZ-4 irradiation scheme. This irradiation scheme provides a rela-
tively broad-band saturation, which reduces the sensitivity of water saturation to local B0 
inhomogeneities. At clinical field strengths, we could also use continuous wave irradiation 
to saturate the water resonance. As the power needed for water saturation with WALTZ-4 
contributed significantly to SAR in our study, it would be of interest to determine whether 
a lower 1H B1+ would be su£icient for in vivo experiments compared with phantom experi-
ments.
In the current study, we homogenized B0 and 1H B1+ in the posterior part of the brain only, 
whereas, for clinical studies, homogenization over the whole brain is probably more oen 
required. At clinical field strengths, the 1H B1+ and B0 distributions are intrinsically more 
homogeneous than at 7 T, facilitating this prerequisite. Other coil configurations or parallel 
transmit techniques combined with tailored RF pulses may also increase the size of the 1H 
region that can be excited homogeneously at 7 T (Cloos et al., 2012). Automatic scanner 
adjustments of clinical MR scanners obviate the need to calibrate the 1H pulse amplitudes 
for NOE, which was a relative time-consuming procedure in this study. The minimum 1H B1+ 
for constant NOE using a specific saturation strategy should, however, be determined in a 
pre-study. In cases in which non-uniformities in the 1H RF field are expected, e.g. when using 
1H surface coils or at ultrahigh-field strengths, careful examination of the field distribution 
and amplitude is needed before employing NOE. The need for 31P flip angle calibration in 
every single subject must be assessed in a larger cohort. In the seven subjects within this 
study, 31P B1+ was very similar. It is very common to use a predetermined, constant B1+ for 
multinuclear experiments at clinical field strengths, or a pre-determined fixed multiplica-
tion factor between the X-nucleus and the automated 1H B1+ calibration, because of the 
lack of automated procedures for multinuclear coils.
The results of this 31P MRSI study in the brain at 7 T can guide human 31P MRS(I) in-
vestigations of the brain and other tissues, including those performed at di£erent field 
strengths. The improvement in the relative repeatability of 31P metabolites with positive 
NOE enhancements allows the detection of smaller di£erences in metabolite intensities or 
ratios. This is of interest in follow-up studies or in the comparison of groups (e.g. healthy 
versus patient groups). NOE-enhanced metabolite ratios obviously di£er from native 
ratios, but are more repeatable. When reporting NOE-enhanced metabolite ratios, it is of 
importance to clearly describe the way in which NOE is generated. This allows others to 
perform similar experiments, thus enabling between-site comparisons. When the absolute 
quantification of 31P metabolite concentrations is preferred, it should be realized that 
data should be corrected for NOE enhancement, which introduces an additional source 
of variation to the quantification. Although it is known that NOE enhancements can vary 
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between tissues (Bottomley and Hardy, 1992; Brown et al., 1995; Lagemaat et al., 2015; Lei 
et al., 2003; Li et al., 1996; Murphy-Boesch et al., 1993; Tyler et al., 2009; Wylezinska et al., 
2011), it remains uncertain whether variations within an organ can also exist. As discussed 
above, we found an indication that this might be the case for NOE enhancements of PE, 
PC and GPC. It is similarly unknown whether NOE is di£erent in diseased tissue relative to 
normal tissue or during activation (exercise), or whether there are changes in NOE with age. 
In diseased tissue, T1 relaxation times of 31P may change (Remy et al., 1987), which may 
have an e£ect on the absolute NOE enhancements. A larger repeatability study with a more 
heterogeneous study population, including patients, would be needed to confirm whether 
the above-mentioned possible di£erences in NOE can be distinguished from the measure-
ment uncertainties of native and NOE-enhanced 31P MRSI. It would also be of interest to 
study the reproducibility of NOE-enhanced 31P MR data by measuring subjects on di£erent 
days (Edwards et al., 2012; Tyler et al., 2009). This would allow the calculation of the sample 
sizes needed to reveal significant di£erences in certain metabolite ratios for paired (e.g. 
response to therapy) and independent (e.g. patient versus control) studies. 
In conclusion, the signal enhancement generated by NOE improved the relative re-
peatability of brain 31P MRSI in healthy volunteers. Variations in NOE enhancements per 
metabolite could be explained almost completely by the repeatability of native and NOE-
enhanced 31P MRSI. For these reasons, the use of NOE-enhanced 31P MRSI is encouraged.
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Abstract
The creatine kinase reaction in the brain is considered to be important for the quick forma-
tion of ATP from phosphocreatine (PCr). Phosphorus magnetic resonance spectroscopy 
(31P MRS) has been employed before to assess PCr and other high-energy phosphates in 
the visual cortex during visual stimulation with inconsistent results. We performed func-
tional 31P MRS imaging in the visual cortex and control regions during a visual stimulation 
paradigm at an unprecedented sensitivity, exploiting a dedicated RF-coil design at a 7 Tesla 
MR system. Visual stimulation in a 3 min 24 sec on-o£ paradigm in 8 young healthy adults 
generated a clear BOLD e£ect in the visual cortex (average z-score 9.9 ± 0.2). However, no 
significant event-related changes in any of the 31P metabolite concentrations, linewidths 
(7.9 ± 1.8 Hz) or tissue pH (7.07 ± 0.13) were detectable. Overall, our study of 31P MRSI in 
15 cm3 voxels had a detection threshold for changes in PCr between stimulation and rest 
of 5%. In individual subjects the mean coe£icients of variance for PCr levels of control 
voxels were 6 ± 3% (three time-point average of 3 min 24 sec). Altogether this indicates that 
energy supply for neuronal activation at this temporal resolution does not drain global PCr 
resources and is highly oxidative.
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Introduction
Phosphorus magnetic resonance spectroscopy (31P MRS) o£ers a non-invasive window on 
high-energy phosphates in the brain (Zhu et al., 2009). Substrates like adenosine triphos-
phate (ATP) and phosphocreatine (PCr), as well as tissue pH can be monitored through 
the 31P MR spectra, so a detailed view is provided on the creatine kinase (CK) reaction: 
PCr + ADP + H+   ⇔
CK Cr + ATP. Other 31P MRS visible phosphates that have a role in energy 
metabolism are inorganic phosphate (Pi), involved in ATPase reactions, and nicotinamide 
adenine nucleotides (NAD(H)), a substrate in redox reactions.
Contraction of muscles results in decreased PCr and increased Pi signals in their 31P MR 
spectra, reflecting the energy bu£ering role of PCr in muscles. Following these observations 
it was also attempted to measure such changes in the occipital area of the healthy human 
brain using visual stimulation (VS) inducing a local BOLD e£ect (Kato et al., 1996; Murashita 
et al., 1999, 2000; Rango et al., 1997; Sappey-Marinier et al., 1992). However, these studies 
produced variable and non-reproducible results. Several report a (relative) decrease of PCr 
(Kato et al., 1996; Rango et al., 1997; Sappey-Marinier et al., 1992), while others do not 
observe this, in particular at the higher fields of 3T and 4T (Barreto et al., 2014; Chen et al., 
1997; Murashita et al., 2000; Rango et al., 2006; Vidyasagar and Kauppinen, 2008). Also (rela-
tive) increases in Pi and decreases in (NAD+ + NADH) signals upon VS are reported (Barreto 
et al., 2014; Mochel et al., 2012).
From a biological point of view tissue-scale changes in the steady state levels of high-
energy phosphates such as PCr and Pi are not expected to be very significant in the healthy 
brain as oxidative metabolism to provide ATP is dominating in this organ (Andres et al., 
2008; Chen et al., 1997; Kemp, 2000; Zhu et al., 2012). In contrast, simulation studies to un-
derstand the metabolic mechanisms underlying the BOLD phenomenon predict decreases 
in PCr content upon brain stimulation (Aubert and Costalat, 2002). 
The discrepancies in the observed changes in steady levels of high-energy phosphates 
of the brain upon VS calls for further experiments under better optimized conditions than 
used in previous studies. Recently, we developed a coil setup to perform 31P MRSI at 7T 
with high spatial and temporal resolution within the human visual cortex (Van de Bank et 
al., 2015). This setup consists of a 31P birdcage to excite the 31P spin system with uniform 
flip angles across the whole brain, combined with a 7-channel 31P array coil to maximize 
SNR in the occipital lobe. Sensitivity is further increased by using Whitened Singular Value 
Decomposition for signal addition of individual receive channels (Rodgers and Robson, 
2016). Moreover, this setup is positioned within an 8 channel 1H head-coil, enabling multi-
transmit capabilities such as low-power saturation of the water signal for 1H–31P Nuclear 
Overhauser Enhancement (NOE) of the 31P signals (Lagemaat et al., 2016). This enables us 
to dynamically measure 31P signals in 15 cm3 voxels with high temporal resolution within 
an activated region in the visual cortex. 
The aim of this study was to use this optimized set-up in dynamic 31P MRSI of the healthy 
human brain applying visual stimulation at a duration that no habituation is expected, to 
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investigate if changes occur in signals of 31P metabolites from voxels located inside the 
BOLD activated area.  
Materials and Methods
Subjects
A total of 8 healthy volunteers (5 male & 3 female, mean age: 33.0 ± 5.7y & 28.0 ± 3.5 y, 
respectively) with no neurological abnormalities participated in this study. This study was 
performed in compliance with the regulations of the local institutional human ethics com-
mittee. All subjects were scanned aer they gave written informed consent. 
Subjects were positioned head-first into the coil setup. When inside the coil, fixation 
cushions were used to minimize head motion. A mirror was placed in front of the eyes, to 
see the complete projection at the back of the magnet. 
Data Acquisition
Hardware
All experiments were performed on a 7 Tesla whole body MR system (Magnetom 7T, Siemens 
Healthcare, Erlangen, Germany) with a home-built coil setup, consisting of an 8-channel 1H 
transceiver array, an actively detunable 31P volume resonator and a 31P 7-channel receive-
only array at the occipital region of the brain (Van de Bank et al., 2015). 
MR Protocol
The complete protocol for this study is presented in figure 7.1 and could be performed 
within 1.5 hours. Within this protocol an anatomical T1-weighted 3D magnetization 
prepared rapid gradient echo sequence (MPRAGE) was acquired with B0- & B1-shims op-
timized for the whole brain. The parameters for this anatomical image were: TR/TI/TE = 
2500/1100/1.35ms, Flip angle: 6°, FOV = 176x224x192mm3, Resolution = 1mm3, Acquisition 
time (Tacq): 3 minutes 58 seconds. 
With a BOLD-localizer and an on-o£ VS paradigm the region of activation within the vi-
sual cortex was determined. This scan was used to select voxels from the 3D 31P MRSI inside 
and outside the activated region. Parameters of the gradient echo EPI BOLD-localizer: TR/
TE: 3000/54 ms, Flip angle: 90°, FOV: 263x128, Slice thickness: 1.8, number of slices: 33, 
voxel size: 2.1x2.1x1.8 mm, Measurements: 120, paradigm size: 10, Bandwidth: 2442 Hz/
Pixel, EPI-factor: 128, Tacq: 6 minutes 9 seconds.
The T1-weighted images were used for positioning the shim volume at the visual cortex 
and for co-localization of the 31P-MRSI grid with the same region. Aer adjusting the B0-
shims for the occipital lobe, the power of the 90° flip angle for 31P was calibrated. With B1-
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shimming the proton transmit field was homogenized over the occipital lobe for localized 
homogeneous NOE-enhancement, locally increasing 31P sensitivity (Lagemaat et al., 2016). 
With all experimental parameters optimized, the pulse-acquire 31P-fMRSI examination 
during the VS paradigm was performed with the following parameters: TR 400 ms, matrix 
size: 8x8x8, FOV: 120x120x120 mm3, acquisition-weighted elliptical k-space sampling with 
3 averages of k-space center, hamming filter apodization resulting in a voxel size of 15 cm3, 
6 preparation scans, flip angle: 25° (Ernst angle for PCr at this TR), pulse duration: 0.3 ms 
(β-ATP not fully excited by this hard pulse), Tacq for one full 31P-MRSI data set: 1 min 8 s. The 
subject was asked to focus on the center of the projection screen during the examination, 
where repeatedly either a flickering checkerboard or nothing was projected during a block 
(Fig. 7.1). 
Figure 7.1: Schematic measurement protocol. The protocol started with global (whole brain) B0- and B1-field shim-
ming to obtain an anatomical reference image. This was followed by calibration of the pulse voltage for 31P and by 
optimization for localized NOE-enhancement (visual cortex only). A BOLD-localizer was run to localize the MRSI grid 
with the region of activation. The 31P functional MRSI consisted of 3 examinations during visual stimulus, followed 
by 3 acquisitions during rest. This 31P MRSI sequence was repeated up to 5 times.
NOE enhancement was generated by saturating the water signals (γB1 = 30Hz) using a 
wideband alternating-phase low-power technique (derived from WALTZ-4 technique, origi-
nally intended for decoupling) (Shaka et al., 1983) during the full TR, except during the 146 
ms of signal acquisition.
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Figure 7.2: A) Transverse B) sagittal and C) coronal slices of the anatomical image of one of the volunteers overlaid 
with z-score maps from the BOLD localizer. Also shown is the co-localization of the selected voxels from 3D 31P-MRSI 
with the activated region (yellow) and the control voxels outside the activated region (red). The dotted circle shows 
the true voxel size. The average z-score for the spectroscopy voxels within the activated region of visual cortex was 
9.9 +/- 0.2 as determined by the independent component analysis.
Paradigm
The visual stimulation consisted of a black-white radial checkerboard (Fig. 7.1) pattern 
flickering at 8 Hz, programmed using Presentation (Neurobehavioural Systems, Berkeley, 
USA). It was projected onto a screen inside the magnet bore behind the coil setup. Subjects 
viewed the visual display via a mirror mounted inside the head coil right in front of their 
eyes. For the BOLD-localizer the paradigm was repeatedly turned on and o£ in 20 second 
intervals, starting with a rest measurement. The paradigm for the 31P-MRSI started with 
displaying a checkerboard for 3 minutes and 24 seconds (duration of 3 consecutive 31P 
MRSI data acquisitions), followed by a rest period with the same duration (Fig. 7.1). The du-
ration of the paradigm was minimized to avoid habituation. This stimulation protocol was 
repeated up to 5 times (approximately 34 minutes, or shorter with less repeats if requested 
by the volunteers).
Data Analysis
For data analysis one 15 cm3 voxel in the BOLD-activation region in the visual cortex in the 
right hemisphere and one in the le hemisphere were selected to measure phosphorus 
metabolite levels, likewise two voxels outside the visual cortex were selected as controls 
(Fig. 7.2). Voxels were chosen to be spatially independent from each other, even aer taking 
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into account Hamming filtering of k-space of the 3D 31P-MRSI data, which increases voxel 
size (Scheenen et al., 2008).
Multiple 31P-MRSI datasets were acquired during the stimulation paradigm. The selected 
voxels were extracted from the datasets using Matlab 2014b (Mathworks, Natick, MA, USA) 
and ported into the jMRUI soware package (version 5.0) (Naressi et al., 2001; Stefan et 
al., 2009). In this program each spectrum of the selected voxels was phase and frequency 
aligned. For quantification the AMARES fitting algorithm was used (Vanhamme et al., 1997). 
The fitted integrals and linewidths of the ATP, PCr, Pi, PME, PDE and NAD(H) signals were 
obtained and further analyzed using Matlab. To examine possible changes in high-energy 
phosphate levels during stimulation, data was not only averaged per stimulation block, 
but also per acquisition point within a block (three per block, six per paradigm repetition), 
i.e. all of the firsts acquisitions during stimulation were averaged, and the second acqui-
sitions, etc. (Fig. 7.1). To combine the data from all subjects fitted signal integrals were 
normalized by their mean value over time and weighted according to the number of blocks 
obtained in the subject.
Statistics
Descriptive parameters were calculated and presented as mean ± standard deviation (SD). 
A paired two-tailed Student’s T-Test was used to compare the integrals of the metabolites 
during stimulation and during rest. A p-value of p<0.05 was considered to be statistically 
significant. 
To investigate stability and quality of the spectra over time from each subject individu-
ally, we determined the coe£icient of variation (CoV):
CoVs,m = 
σx
* 100% (7.1)
μx
with σx representing the SD of the metabolite per voxel per subject, μx the mean signal of 
the metabolite per voxel per subject, and CoVs,m the CoV per metabolite per subject, which 
is reported as a mean percentage per metabolite over the di£erent subjects. By definition, 
95% of the measured signal integrals in one voxel of a subject resides within plus or minus 
two times the CoV around its mean.
In a post-hoc power analysis for paired di£erences with a two-sided significance level 
of 5% and a power of 80% of all blocks of all volunteers the detection limit of changes in 
normalized PCr signal integral is calculated, which is a measure for the smallest reliably 
detectable change in signal integral to be estimated from all data combined.
Results
The optimized coil setup enabled us to acquire 3D 31P MRSI spectra in the human visual 
cortex in 68 s. The quality of individual spectra was su£icient for analysis. In these spectra 
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(Fig. 7.3) the following metabolites were quantified with a Cramer-Raó Lower Bound (CRLB) 
< 30%: PCr, γ-ATP, α-ATP, β-ATP and Pi (Table 1). The signals of other metabolites were not 
further evaluated, either because their CRLB was <30% for less than 10% of the spectra 
(e.g. NAD(H) and phosphodiesters) or because no changes by VS were expected. Only for 
display purposes spectra were averaged to form an average stimulation and an average 
rest spectrum (Fig. 7.3). In 5 subjects the complete MRSI examination (10 blocks, 30 scans) 
could be performed, in the three other subjects data acquisition was stopped respectively 
aer 24 scans (8 blocks), aer 12 scans (4 blocks) and aer 6 scans (2 blocks). Linewidths of 
PCr were 7.9 ± 1.8 Hz and 6.8 ± 0.8 Hz for the visual cortex and the control voxel respectively. 
The overall stability of the 31P MRSI data acquisitions was assessed by the CoV of the 
largest signal (PCr) over time for both the control and visual cortex voxels in each subject. 
The mean CoV for 68-sec PCr signal integrals in control voxels of the 8 volunteers was 11 
± 4% (Table 7.1). Systematic variations in individually acquired 68-sec spectra need to be 
greater than twice this CoV of 11% for PCr and 33% for Pi to be detected in one volunteer. 
Variations in PCr and Pi greater than 12% or 40% (twice the long term CoV for both metabo-
lites) would be detectable in an individual volunteer when derived between stimulation 
Figure 7.3: Sensitivity profile and spectral quality of the measurement setup. The 31P coil array sensitivity profile 
is restricted to the occipital lobe of the human brain, as shown by PCr images overlaid on a sagittal (A), coronal (B), 
and transversal (C) reconstruction of the 3D MPRAGE images. 31P spectral quality from voxels in the visual cortex of a 
single subject is reflected in D) averaged spectra during stimulation, E) averaged spectra during rest and F) di£erence 
between stimulation and rest. For comparison in G) the spectrum of one voxel at one time point (68 sec acquisition) 
vww the same volunteer is presented. The fit as done by jMRui is shown in H) with I) the residuals. Note that spectra 
were subtracted without additional line broadening of the resting state spectra, to compensate for BOLD-e£ects 
(Mangia et al., 2007). The metabolites identified in these spectra are (1) phosphoethanolamine (PE), (2) phospho-
choline (PC), (3) Pi, (4) glycerophosphoethanolamine (GPE), (5) glycerophosphocholine (GPC), (6) PCr, (7) γ-ATP, (8) 
α-ATP, (9) NADH + NAD+ and (10) β-ATP.
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and rest periods (3-time-point averages, table 7.1). Individual integral values of PCr for a 
single subject (CoV 7%) showed that while some fluctuations seemed to coincide with the 
applied paradigm (Fig. 7.4), but did not systematically extend outside twice the CoV. 
We did not find significant di£erences in any of the integrals or linewidths of the me-
tabolites of interest between stimulation and rest periods. In voxels in the visual cortex the 
three-time-point averages of the PCr signal integral and linewidth did not change during 
visual stimulation compared to rest (p-values 0.98 and 0.16 respectively (Fig. 7.5). Control 
voxels were not significantly di£erent either (p=0.37 for PCr signal integral and p=0.13 for PCr 
linewidth). Subtracting all rest spectra from the stimulation spectra revealed no changes 
in PCr either (Fig. 7.3F). No significant changes were detected for Pi or for γ-ATP signal in-
tegrals between stimulation and rest periods (visual cortex p=0.10 and p=0.45 respectively 
and p=0.08 and p=0.44 for the control voxels, Fig. 7.5C and 7.5D). Moreover, the variations 
in signal integrals in time between voxels located within the visual cortex compared to 
control voxels were comparable (table 1). The pH was also stable during the stimulation 
protocol, its mean value during stimulation in the visual cortex was determined at 7.07 ± 
0.13 (7.04 ± 0.09 in control) and during rest at 7.06 ± 0.07 (7.06 ± 0.10 in control). Even in 
the subject with the smallest spread in pH –values of 0.04 (SD) at the control locations, in 
which no changes with respect to the paradigm were expected, the SD at the two selected 
voxels in the BOLD-activated region was similarly small 0.03, indicating the absence of a 
pH-e£ect larger than 0.06 (2 x SD) in the most repeatable measurement.
Figure 7.4: Integral of the fit to the PCr signal over time of a single subject for a voxel located at the visual cortex 
(CoV: 7%) and for a control voxel (CoV: 8%). The paradigm started with 3 stimulation measurements (grey), followed 
by 3 rest (white) measurements.
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The post-hoc power analysis of 64 paired paradigm blocks of all 8 volunteers resulted 
in a detection limit for an event-related PCr signal integral change of 5%. If the PCr signal 
integral was systematically modulated either up or down by 5% (or more) by the visual 
stimulation paradigm, we would have detected it.
Our data acquisition strategy allowed another possibility for data analysis, evaluating 
temporal changes within stimulation and rest blocks of several interesting 31P metabolites. 
Normalized individual acquisitions within the paradigm were averaged across di£erent 
repetitions of the paradigm (thus, first acquisition during stimulation in first block with 
the first acquisition of the second block, etc.) (Fig. 7.1) and across all volunteers. This 
reconstruction showed subtle variations in averaged signal of PCr, but none were statisti-
cally significantly di£erent (Fig. 7.6A). Again, the linewidth of PCr did not change over time 
during and between the stimulation and rest periods (Fig. 7.6B).
Our data acquisition strategy allowed another possibility for data analysis, evaluating 
temporal changes within stimulation and rest blocks of several interesting 31P metabolites. 
Normalized individual acquisitions within the paradigm were averaged across di£erent 
repetitions of the paradigm (thus, first acquisition during stimulation in first block with the 
first acquisition of the second block, etc.) (Fig. 7.1) and across all volunteers. This analysis 
Figure 7.5: Paired analysis of concentrations of PCr, Pi and γ-ATP with and without visual stimulation from the 
selected voxels within the visual cortex (blue, triangle) and the control area (red, square) of all 8 volunteers. A) PCr 
signal integral during rest (3-time-point average within a block) and during stimulation (3-time-point average within 
a block). B) Linewidth of the PCr signal with and without visual stimulation. C) and D) Signal integrals of Pi and γ-ATP, 
respectively, with and without visual stimulation.
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showed subtle variations in averaged signal of PCr, but none were statistically significantly 
di£erent (Fig. 7.6A). Again, the linewidth of PCr did not change significantly over time dur-
ing and between the stimulation and rest periods (Fig. 7.6B).
The same analysis was made for Pi and for γ-ATP. Both time courses were also normal-
ized by the mean signal of each metabolites for each subject, before taking the weighted 
average. For Pi, just as for γ-ATP, no event-related di£erences between the voxels in the 
visual cortex vs. controls were found (Fig. 7.6CD). The plot of the time course for pH (block-
weighted average of all volunteers) did not show any di£erences beyond the standard 
deviations of the individual acquisition numbers within the on-o£ events, and no event-
related change beyond twice the standard error (Fig. 7.6E). 
Figure 7.6: Evolution of normalized signals of all volunteers during stimulation (first 3 acquisitions) and during rest 
periods (last 3 acquisitions). A) Changes in group average of the signal amplitude of PCr during the paradigm and B) 
changes in linewidth of the PCr were small and not event-related. C) The changes in group average of the normalized 
signal amplitude of Pi and D) for γ-ATP. E) Blocks-weighted average pH during the stimulation and rest periods. The 
mean pH value during the stimulation was 7.07 ± 0.13 (SD over all blocks), and during rest 7.06 ± 0.07 in the visual 
cortex. All error bars are standard errors.
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Discussion
In this study we monitored the levels of high-energy phosphates in the human visual cortex 
with dynamic 31P MRSI at 7T with a temporal resolution of 68 s during an intensive VS para-
digm. By using an optimized RF coil setup together with NOE enhancement, the sensitivity 
of these measurements was maximized as reflected in the low CoVs of the assessments of 
repeated signal integrals. The MRSI data revealed that neither the levels of the high-energy 
phosphates nor the pH significantly changed in the activated visual cortex during VS. 
Functional imaging of the brain aims to measure events related to triggered action-
potentials. Initiating these events, and re-establishing equilibrium, costs energy that has to 
be produced by, or delivered to, the cells in action (Harris et al., 2012). So far, capturing the 
BOLD e£ect has played a central role in measuring brain function, which is an indirect way 
to measure energy expenditure of the human brain. A more direct approach is the dynamic 
measurement of tissue concentrations of high-energy phosphates as done in this study. 
It is important to measure these concentrations accurately and with high reproducibility, 
which is challenged by several instrumental factors. One of these is the use of a particular RF 
coil, which directly influences measurement accuracy by its spatial coverage and its sensi-
tivity. Although localization by surface coils achieves an excellent SNR, further localization 
is needed to target the activated region within the visual cortex. Coil sensitivity is mainly 
determined by its RF profile, especially when the same coil is used for signal transmission 
and reception. The RF coil setup developed for this 31P study consisted of separate transmit 
and receive parts for which relatively small coil elements were used to increase receive 
sensitivity in the occipital lobe of the brain (van de Bank et al., 2015). When combined 
with localization by phase encoding (3D MRSI) it allows the acquisition of specific spectral 
information from the visual cortex. Moreover, signal intensities of high-energy phosphates 
were further enhanced using NOE, without reducing repeatability (Lagemaat et al., 2015). 
Together this enabled dynamic monitoring of high-energy phosphate levels during VS at 
both high spatial resolution (15 cm3) and high temporal resolution (68 s). Our approach in 
the short TR regime might make the measurements vulnerable to dynamic changes in T1 
relaxation of the metabolites of interest, if these changes occur when metabolites cycle 
faster through the enzymatic reactions of creatine kinase and ATPase (Kim et al., 2017)
A potential problem in the analysis of MRS data obtained from BOLD activated areas is a 
decrease in linewidth due to a change in local susceptibility by a decrease of deoxyhemo-
globine in blood supplying this area. In VS experiments analyzed by 1H MRS performed at 
7T this was taken into account by a line broadening of 0.48 Hz of the spectra at stimulation 
before subtraction from the rest spectra (Mangia et al., 2007). If we would apply this to the 
31P MR spectra the additional broadening would be in the order of 0.19Hz (0.48/(γ1H / γ31P) 
and therefore negligible (maximum influence is only 4%). Furthermore, no significant dif-
ferences in linewidths between both states were detected (Fig. 7.5B), demonstrating that 
indeed the BOLD-e£ect has limited influence on the 31P signals.
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An implicit measure obtained from this study is the detection threshold for paradigm-
induced variations in high-energy phosphate metabolite levels. Variations in these 
levels are only detected when they are greater than the relative dispersion of the data, as 
reflected by the CoV of the individual volunteers. In this work none of the parameters of 
interest exhibited detectable event-related changes. The overall detection threshold for 
event-related changes in the PCr signal intensity in 8 volunteers in the visual cortex was 
5%: a change larger or equal to 5% would have been detected in this work. 
Relation to Previous Studies 
In several studies 31P MRS has been employed to evaluate changes in brain metabolite lev-
els during VS in healthy volunteers. Most of these present a (relative) decrease of PCr levels, 
although the results are not very consistent (Barreto et al., 2014; Kato et al., 1996; Murashita 
et al., 1999; Rango et al., 1997; Sappey-Marinier et al., 1992). The earliest study, performed 
at 1.5T, reported a decrease of about 40% in the ratio PCr/Pi in a 32 mL voxel centered at 
the visual cortex over a 12.8 min period of VS (Sappey-Marinier et al., 1992). Another study 
at 1.5T showed that the ratio of PCr/(∑31P-metabolites) decreased by about 11% over a 
12 min VS period (Kato et al., 1996). The same group later reported a decrease of about 
17% in concentration of PCr during 6 minutes of VS, but only for men over 40 years of age; 
in younger volunteers PCr did not drop significantly (Murashita et al., 1999). Another 1.5T 
study reported a PCr decrease of about 18% recorded in young adults immediately aer a 
VS of only 3.5 sec (Rango et al., 1997), but the same group reported later that during a VS 
of 7 min PCr did not decrease, but pH increased and in the recovery period the sum of PCr 
and βATP increased (Rango et al., 2006). In a more recent study at 4T a decrease of PCr and 
increased pH was observed in young healthy adults aer 12 min of VS (Yuksel et al., 2015). 
In apparent agreement with these results, simulation studies to understand the metabolic 
processes underlying the BOLD phenomena, suggested that a substantial decrease in the 
brain levels of PCr upon stimulation could be expected (Aubert and Costalat, 2002). 
However, in a di£erent study on healthy volunteers at 4T no decrease in PCr by VS was 
seen (Chen et al., 1997). Also no change in PCr and tissue pH was observed at 3T by a VS 
of about 7 min, even under mild hypoxic conditions (Vidyasagar and Kauppinen, 2008). A 
31P MRS study with 1H decoupling and NOE of the healthy brain of young adults performed 
at 3T with VS for 1.5 min or 5 min also did not record a change in PCr and pH (Barreto et 
al., 2014). Our results are in complete agreement with the latter observations, no e£ect on 
PCr and pH by VS was observed, even by monitoring the visual cortex with the currently 
most sensitive 31P MRSI conditions, i.e. at 7T with a phased-array 31P receive coil and NOE. 
This indicates that at the temporal resolution of our experiment global PCr levels are not 
an important energy resource for the brain of young healthy adults during VS. Our results 
are more in agreement with a highly oxidative energy supply during brain activation, with 
perhaps a role for PCr in facilitated di£usion of high energy phosphates from the intracel-
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lular production to consumption site (Chen et al., 1997; Lee et al., 2014; Mangia et al., 2007; 
Zhu et al., 2012). 
Next to reports focusing on changes in PCr and pH by VS, some studies reported on 
changes in other 31P resonances. For instance, a study at 3T inferred an increased Pi from 
increased Pi/PCr (11%) and Pi/ATP (13%) ratios during an 8 min VS period in a group of 
healthy middle aged volunteers (Mochel et al., 2012). Also at 3T an increased relative Pi 
of 15% and 3% and a decreased NAD(H) level of 5 and 2% was reported in young healthy 
adults for stimulation blocks of 1.5 and 5 mins respectively (Barreto et al., 2014). The time 
dependent decrease was attributed to an habituation e£ect. However, we did not find a 
significant change in the Pi resonance over 3 blocks of 1 min 6 sec VS, and in the majority 
of MR spectra the fit of the NAD(H) peaks did not meet our CRLB criteria. 
The di£erence between our results and those reported by others and also among the 31P 
MRS studies of VS may be due to the limited number of persons involved in some studies, 
to variations in the duration and type of VS, to the use of low field MR systems (1.5T) with 
insu£icient chemical shi dispersion and to partial volume e£ects because of the use of 
surface coils without further localization of the visual cortex or of the area showing a BOLD 
e£ect. What oen lacks in existing literature, is the inclusion of a signal from a voxel or 
surface coil outside the visual cortex as a control signal in the same subject. 
Another potential reason for variable results may be age. The majority of the studies 
discussed above involved young healthy adults, but a di£erent e£ect on PCr between 
younger and older men has been observed (Murashita et al., 1999). A potential age e£ect 
in the response to VS needs further exploration. Several 31P MRS studies also reported that 
diseased brains responded di£erently to a VS paradigm than healthy brains, such as in 
bipolar disorders (Yuksel et al., 2015), Huntington (Adanyeguh et al., 2015; Mochel et al., 
2012) and mitochondrial disorders (Kato et al., 1998). 
Our activation paradigm focused on interrogating the role of high-energy phosphates 
in intensive brain activation. Habituation resulting from the prolonged activation was not 
expected with our stimulation protocol, where other studies have applied VS for more than 
10 minutes (Kato et al., 1996; Mangia et al., 2007; Sappey-Marinier et al., 1992; Yuksel et al., 
2015). To examine if quick temporal changes in concentrations occur at the initialization 
of a new state within the visual paradigm, a much higher temporal resolution is needed to 
confirm the 18% decrease in PCr level in a stimulation protocol of only 3.5 s (Rango et al., 
1997). This cannot be achieved by standard 3D MRSI, but may be possible by solely relying 
on localization by surface coils, similar to other studies (Chen et al., 1997; Kato et al., 1996; 
Lee et al., 2014; Murashita et al., 1999; Rango et al., 1997; Sappey-Marinier et al., 1992) or by 
applying a triggered activation protocol as performed in 31P MRS studies of muscles (Kan 
et al., 2009). 
In our experiments one can observe minor fluctuations in PCr signal intensity during vi-
sual activation, but none of them were statistically significantly di£erent. Even in the subject 
with the lowest CoV in the control voxels in which no event-related changes are expected 
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(the ‘best’, most repeatable examination in our study), we did not see any significant dif-
ferences in signal integrals related to the paradigm in the voxels of the visual cortex, which 
means that if these di£erences were present, they were below the detection threshold of 
8% (twice the CoV for those voxels). All our observations refer to global PCr levels (sum 
of all PCr present in a 15 cm3 voxel), it may very well be that at the cellular level PCr still 
functions as a local temporal energy bu£er (Andres et al., 2008). The absence of changes 
in high-energy phosphates and pH during VS does not imply that they are not involved in 
brain energy metabolism in this activity. Their role has been elegantly demonstrated in 
magnetization transfer experiments; VS-related increases in the forward fluxes of both the 
creatine kinase and ATPase reactions have been reported, indicating enhanced phosphate 
cycling and oxidative energy supply to match the needs of increased brain activity (Chen et 
al., 1997; Lee et al., 2014). In the study performed by Lee et al. the intrinsic higher SNR of an 
ultra-strong magnetic field (7T) was exploited to measure these fluxes.
Conclusion
In this study no change was observed for high-energy phosphates and pH in the visual 
cortex of young healthy adults during an intensive photic stimulation paradigm above the 
detection threshold, which was 5% for PCr. Previous reports of changes in PCr, Pi, ATP or 
pH on a time-scale of minutes during visual stimulation could not be reproduced even with 
a dedicated technical setup at ultra-high magnetic field strength with maximized sensitiv-
ity. On this time-scale, PCr does not seem to serve as a global energy bu£er, although it is 
involved in rapid cellular energy distribution. Oxidative phosphorylation seems capable to 
handle the increased energy demand.
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Summary
MR Imaging or Spectroscopy cannot be performed without a RF coil. Building such a coil can 
be challenging, especially for MR systems with magnetic field strengths of 7 Tesla or higher, 
which are delivered without a body coil. Currently, this field of hardware engineering is a 
paradise for the MR Coil technician, as there is need to develop and construct innovative 
experimental coil designs for MR experiments. For multi-nuclear MR spectroscopy there 
are few commercial coils available and an engineer is needed to design a dedicated coil 
for the appropriate resonance frequency and body organ. In chapter 4 we presented one 
of these special coil designs; a dedicated coil setup for an ultra-high field (UHF) strength of 
7 Tesla that featured multi-transmit capabilities on 1H channels, volume excitation for 31P 
and an additional 31P receive-only array with a 7-fold local SNR improvement close to the 
receive elements. This coil contains three main components: an 8-channel multi-transmit 
1H volume (head) coil, an insertable and actively tunable birdcage coil for 31P and a lo-
cal 7-channel 31P receive-only array. The increased 31P sensitivity in combination with the 
limited field of view of the local receive coils made it possible to perform 31P MRSI at higher 
spatial resolutions (3.0cm3 voxel) in the occipital lobe (the visual processing center) of the 
human brain in clinically acceptable scan times (~15 min). This setup was used for the 
research presented in chapters 6 and 7. 
For the study presented in chapter 5, we assessed variability and reproducibility of a 
1H spectroscopy measurement, which has a limited chemical shi displacement error. We 
implemented an identical single voxel semi-LASER 1H-MRS pulse sequence on four di£er-
ent 7T systems. These systems were manufactured by two di£erent vendors, Philips and 
Siemens. We assessed metabolic variations and reproducibility in 7 healthy volunteers by 
obtaining high quality, short echo time, 1H MR spectra from two clinically relevant brain 
regions, the posterior cingulate cortex (gray matter) and the corona radiata (white matter). 
Data processing and analysis of all MR systems was harmonized. As such, this work initiates 
standardization e£orts for MR spectroscopy at UHF. This is a critical step towards a wider 
utility and higher impact of the methodology for neuroscience and clinical applications. 
In this study we have shown that harmonization of data acquisition and post-processing 
of single voxel 1H-MRS produces very similar results at four di£erent 7 Tesla systems. The 
accuracy and reproducibility obtained with the semi-LASER sequence in this multi-center, 
multi-vendor setting at ultra-high magnetic field strength of in-vivo measured neurochemi-
cal profiles can be used as guidance for quantifying metabolite concentrations in future 
(clinical) studies. 
‘To NOE or not to NOE’, is the question we addressed in chapter 6. Signal enhancement 
of 31P signals can at first sight be seen as a promising tool to either shorten scan times, in 
some cases to increase spatial resolution, or just to increase signal intensity. Unfortunately, 
it was not known if this signal enhancement was beneficial for all 31P nuclei at ultra-high 
field strengths and if there was no additional variability introduced to the acquired data. To 
answer this question, we looked at the variations in data between non NOE-enhanced (na-
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tive) MRSI data and NOE-enhanced data. To a great extent, this question can be answered 
with ‘yes’. The signal enhancement generated by NOE improved the relative repeatability 
of brain 31P MRSI in healthy volunteers. Variations in NOE enhancements per metabolite 
could be explained almost completely by the repeatability of native and NOE-enhanced 31P 
MRSI. For these reasons, the use of NOE-enhanced 31P MRSI is encouraged.
Knowing that NOE-enhancement would do no harm, and given the fact that we have 
an excellent RF coil, we demonstrated the feasibility of functional 31P-MRSI (fMRSI) at 7T in 
chapter 7. The role of the high-energy bu£er present in the human visual cortex has been 
explored before. However, we tried to explore this in more detail by using the optimized coil 
setup for localized spectroscopic imaging as presented in chapter 4, combined with local 
NOE-enhancement (chapter 6) we were able to increase signal intensity of the 31P nuclei. 
This enabled us to do repeated localized 3D MRSI with su£icient quality in a limited scan 
time, enabling localized spectroscopy during visual stimulation and during rest. With this 
very sensitive measurement, we showed that the high energy phosphates like  PCr, Pi and 
ATP hardly change during a visual stimulation protocol, in contrast to previously reported 
studies. This shows that it is very challenging, or even impossible to drain the PCr-bu£er 
and questions its role as a long-term energy bu£er in the brain. Although we examined 
the high energy phosphate levels at ultra-high magnetic field strength combined with a 
dedicated coil and a very sensitive coil setup, we couldn’t replicate previously reported 
changes during visual stimulation. This gave us the impression that the high energy bu£er 
is not acting as a main energy source on our applied time-scales of stimulation inside the 
human visual cortex.
Future Directions
This thesis describes studies on the accuracy and stability of measuring neurochemical 
profiles and high energy phosphate levels in the human brain at 7T. Measurement stability 
and accuracy are topics for ongoing debate among MR spectroscopists worldwide.
Although MR measurements of the tissue concentrations of metabolites of a particular 
brain region are expected to produce similar numbers, within certain ranges, it is common 
that di£erent post-processing steps including quantitation may produce di£erent results. 
Therefore I would propose to investigate the stability and influence of di£erent quantitation 
algorithms, including di£erences in prior knowledge, on the same spectroscopic datasets. 
This would confirm the metabolic insights of spectroscopy. Or - if this is not applicable - at 
best, point out the hurdles for quantification with spectroscopy. 
Another possible further direction based on this thesis is to investigate feasibility of multi-
nuclear excitation of the region of interest only. We presented a possibility to combine 
B1-shimming and NOE-enhanced 31P MRSI with a multichannel receiver. Using this setup it 
should be possible, as the next step, to combine multichannel transmit, or transmit SENSE, 
to selectively excite a geometric region of interest for instance through polarization transfer 
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experiments. This would open up new possibilities for even higher resolution 31P-MRSI, or 
for more accurate localization of internal structures. 
Combining the reproducibility measurements with the dedicated multi-channel, multi-
nuclear coil setup, opened up the possibility to measure brain energy metabolism during 
longer visual exposures. Although we could not detect any alterations in high-energy 
phosphates during these stimulation paradigms, it could still be the case that the high 
energy bu£er is needed on initiation of activation, just for one or a couple of seconds and is 
refreshed very quickly, faster than detectable. Another possible explanation might be that 
the high-energy reservoir inside the human visual cortex is barely addressed at all in the 
case of visual stimulation. Consensus about this issue has not been presented in literature 
yet. The tools and technical opportunities in this thesis enable further mechanistic studies 
in this direction.
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Samenvatting
Diagnostiek met behulp van magnetische resonantie kan niet gedaan worden zonder 
een radio frequente spoel. Waar klinische MRI systemen standaard een spoel ingebouwd 
hebben hee het systeem met een veldsterkte van 7 tesla deze niet. Dat is natuurlijk een 
paradijs voor de radio frequente spoelen ontwikkelaar, omdat hij (of zij) deze naar harten-
lust kan ontwerpen en ontwikkelen. Voor het doen van experimenten aan andere kernen 
dan proton (multi-nucleair) zijn er nauwelijks commerciële spoelen te krijgen en moet er 
altijd een aparte RF spoel gemaakt worden voor verschillende frequenties en verschillende 
lichaamsdelen. Zo’n speciale spoel is gepresenteerd in hoofdstuk 4. Hierin wordt een 
spoel beschreven die speciaal voor extreem hoog veld gemaakt is en die met meerdere 
kanalen tegelijk de radio frequente signalen op protonen kan zenden en ontvangen. Daar-
naast hee deze een aparte volume spoel waarmee de fosfor kernen aangeslagen kunnen 
worden en hee de meetopstelling een aparte ontvangst unit die voor een 7 keer zo sterk 
signaal zorgt dichtbij de ontvangst elementen. De meetopstelling bestaat dan ook uit 3 
verschillende onderdelen: een 8 kanaals proton hoofdspoel, daarin past een vogelkooi 
die actief aangeschakeld wordt om de MR signalen naar de fosfor kernen te verzenden, 
In deze spoel is module van 7 ontvangstspoelen gemaakt die de signalen van de fosfor 
kernen weer oppakt. De hogere gevoeligheid van de fosfor signalen gecombineerd met het 
kleinere ontvangst volume, zorgt ervoor dat we in relatief volumes (3.0 ml) in de occipitale 
cortex van het menselijk brein in klinisch acceptabele meettijden (~15 minuten) kunnen 
meten. Deze meetopstelling is gebruikt voor het onderzoek gepresenteerd in hoofdstukken 
6 en 7.
Voor de studie gepresenteerd in hoofdstuk 5 onderzochten we variabiliteit en repro-
duceerbaarheid van een 1H spectroscopie meetmethode, welke een beperkte chemische 
verschuiving verplaatsingsfout hee. Daarvoor is een identieke pulssequentie geïmple-
menteerd op vier verschillende 7T systemen. Deze systemen werden vervaardigd door 
twee verschillende leveranciers, Philips en Siemens. We beoordeelden de variaties en 
de reproduceerbaarheid van concentraties van verschillende metabolieten in 7 gezonde 
vrijwilligers met behulp van 1H spectra. Deze spectra waren van hoge kwaliteit en met een 
korte echo tijd opgenomen in een tweetal klinisch relevante gebieden uit de hersenen, 
namelijk de achterste cingulate cortex (grijze stof) en de corona radiata (witte stof). De 
data verwerking en analyse van alle MR-systemen is centraal uitgevoerd, waardoor dit werk 
kan dienen als een standaardisatie voor MR-spectroscopie op hoog veld MRI. Dit is een 
belangrijke stap naar een bredere bruikbaarheid en een krachtigere impact van de metho-
dologie voor neurologie en voor klinische toepassingen. In deze studie is aangetoond dat 
het samenvoegen van data-ontvangst en na-verwerking van deze meetmethode zeer ver-
gelijkbare resultaten oplevert op vier verschillende 7 Tesla systemen. De nauwkeurigheid 
en de reproduceerbaarheid die bereikt is met de semi-LASER sequentie in deze studie kan 
voortaan gebruikt worden als leidraad voor het kwantificeren van metabolietconcentraties 
in toekomstige (klinische) studies.
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Met of zonder signaal verhoging meten, dat is de vraag die beantwoord wordt in 
hoofdstuk 6. Signaal verhoging van 31P signalen kan op het eerste gezicht worden gezien 
als een veelbelovend instrument om ofwel meettijden in te korten, of om de ruimtelijke 
resolutie te verhogen. Het was echter nog niet bekend of deze signaal verbetering gunstig 
was voor alle 31P kernen op een hoge veldsterkte in het brein. Ook was het onbekend of 
er geen extra variatie toegevoegd werd aan de verkregen gegevens door de methode om 
signaal verhoging te verkrijgen. Om deze vraag te beantwoorden, hebben we gekeken 
naar de variaties in verschillende metingen. Een van de metingen had niet NOE-verhoogde 
signalen (native), en de ander had wel NOE-verhoogde signalen. De vraag kan voor een 
groot deel beantwoord worden met ‘ja’. De verbetering van het signal, gegenereerd door 
NOE-verbeterde metingen, verhoogde de relatieve herhaalbaarheid van de metingen in 
de hersenen in gezonde vrijwilligers. Variaties die zijn gevonden in de metingen per meta-
boliet, met en zonder NOE-verbeteringen, kunnen bijna geheel worden verklaard door de 
variatie in herhaalbaarheid van de individuele 31P MRSI metingen. Daarom moedigen wij 
het gebruik van NOE versterkte 31P MRSI aan.
Wetende dat NOE verbetering geen kwaad kan in de metingen en gezien het feit dat we 
een uitstekende RF-spoel hebben, kunnen we de haalbaarheid van functionele 31P-MRSI 
(fMRSI) aantonen op 7T. Dat hebben we gedaan in hoofdstuk 7. Daarbij verkenden we 
de rol van de hoog-energetische bu£er die aanwezig is in de menselijke visuele cortex. 
Metingen hieraan zijn eerder gedaan, maar leverden minder nauwkeurige resultaten op 
vergeleken met die van ons. Met behulp van de geoptimaliseerde meetopstelling voor 
gelokaliseerde spectroscopische beeldvorming zoals beschreven in hoofdstuk 4, ge-
combineerd met lokale NOE-verbetering (hoofdstuk 6), waren we in staat om de signaal 
intensiteit van de 31P kernen te verhogen. Dit stelde ons in staat om herhaaldelijk gelo-
kaliseerde 3D MRSI te doen met voldoende kwaliteit in een beperkte scantijd, waardoor 
gelokaliseerde spectroscopie tijdens visuele stimulatie en tijdens rust mogelijk werd. Met 
deze zeer gevoelig setup, toonden we aan dat de amplitude van PCr, Pi en ATP nauwelijks 
veranderde tijdens een visuele stimulatie. Hoewel enkele kleine veranderingen tijdens 
langere stimulaties zichtbaar waren konden er statistisch geen significante verschillen 
ontdekt worden. Dit toont aan dat het zeer moeilijk of zelfs onmogelijk is om de PCr-bu£er 
leeg te maken. Het kan zijn dat het reservoir zeer snel wordt aangevuld, omdat er enige 
bescherming voor leegloop van dit systeem in de hersenen aanwezig zijn. Het kan ook 
suggereren dat dit energiereservoir in de visuele cortex nauwelijks of helemaal niet aange-
sproken wordt tijdens visuele stimulatie. Eerder gerapporteerde veranderingen in deze stof 
tijdens visuele stimulatie konden we niet nabootsen, zelfs niet bij zeer hoge veldsterktes in 
combinatie met een speciale zeer gevoelige meetopstelling. Dit gaf ons de indruk dat het 
energie bu£er niet optreedt als een belangrijke energiebron in de visuele cortex.
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Perspectieven voor de Toekomst
In dit proefschri is de nauwkeurigheid en stabiliteit van metingen aan neuro-chemische 
verdelingen en hoog-energetische fosfaat niveaus in het menselijk brein op 7T bestudeerd 
en beschreven. De stabiliteit en betrouwbaarheid van metingen blij een discussiepunt 
tussen spectroscopisten overal ter wereld. 
Onafhankelijk van de unieke kwaliteiten en onderdelen van elk MR systeem en visie van 
verschillende onderzoeksgroepen die mogelijk hetzelfde systeem gebruiken zou iedere 
spectroscopie meting eenzelfde betrouwbare en reproduceerbaar resultaat op moeten 
leveren. Hoewel de concentraties van metabolieten doorgaans gerapporteerd worden 
binnen een bepaalde range, kan het goed zijn dat verschillende nabewerkingsstappen 
inclusief kwantificatie leiden tot verschillende resultaten. Daarom stel ik voor om de stabi-
liteit en invloed van verschillende kwantificatie algoritmen te onderzoeken. Daarbij dient 
ook gekeken te worden naar verschillende niveaus van voorkennis en dient men gebruik 
te maken van dezelfde datasets. Hiermee kan de kwantitatieve aard van spectroscopie 
bevestigd worden. Daarnaast kan deze studie aangeven waar de mogelijke bottlenecks 
zijn bij het kwantificeren van de data. 
Een andere mogelijkheid die met dit proefschri naar voren komt is het onderzoeken van 
de haalbaarheid van multi-nucleaire excitatie enkel en alleen van het gebied van interesse. 
Als eerste stap daarvoor hebben we de combinatie van B1-shimming en NOE verhoging voor 
31P MRSI met meerdere ontvangstspoelen gepresenteerd. Met deze meetopstelling zou het 
mogelijk moeten zijn om de meerdere zendkanalen te gebruiken om transmit-SENSE toe 
te passen om daarbij alleen, via polarisatie technieken, de regio van interesse aan te slaan. 
Daarmee is het mogelijk om een nog hogere resolutie te behalen, of om alleen een intern 
structuur van een bepaald weefsel te onderzoeken. 
Het meten van energie metabolisme in het menselijk brein gedurende langere perioden 
van visuele stimulatie is mogelijk geworden door alle besproken zaken in dit proefschri 
te combineren. Hoewel we geen verandering in de hoog energetische fosfaten hebben 
gevonden gedurende de langere stimulatie perioden, kan het nog steeds het geval zijn 
dat deze slechts een rol spelen bij het begin van de activatie, waarbij de tijdschaal wellicht 
enkele seconden bedraagt, tussen gebruik en aanvulling van deze energie bu£ers en dat 
dit sneller verwerkt wordt dan te detecteren is. Een andere mogelijke verklaring kan zijn 
dat dit reservoir niet of nauwelijks aangesproken wordt in de visuele cortex van het men-
selijke brein tijdens visuele stimulatie. Hierover is nog geen consensus gepresenteerd in de 
wetenschappelijke literatuur. De meetmethoden en het meetinstrument zoals beschreven 
in dit proefschri gee de mogelijkheid om deze complexe materie verder te bestuderen.
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LIST OF ABBREVIATIONS
d mean bias between native and NOE-enhanced measurements
|E| Absolute component of electric field
|H| Absolute component of magnetic field
13C Carbon
1H Proton
2D/3D two-/three-dimensional
31P Phosphorous-31
Ala Alanine
Asc Ascorbate/vitamin C
Asp Aspartate
ATP Adenosine triphosphate
B0 Strength of the main magnetic field
B1 Strength of the applied RF pulse
B1+ Transmit radiofrequency amplitude
BC Birdcage
BW Bandwidth
CH Channel
CMRR Center for Magnetic Resonance Research
CoV Coe£icient of Variation
CP-mode Circularly polarized mode (quadrature driven)
CR Corona radiata
Cre Creatine
CRLB Cramér–Rao lower bound
CSDE Chemical shi displacement error
CSF Cerebral spinal fluid
ELH Erwin L. Hahn institute
EMF Electromotive force
FCC Federal Communications Commission
FID Free induction decay
FOV Field of view
FWHM Full width at half maximum
GABA γ-aminobutyric acid
Glc Glucose
Gln Glutamine
GLT Glc+Tau
Glu Glutamate
Gly Glycine
GM Gray matter
GPC Glycerophosphocholine
GPE Glycerophosphoethanolamine
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LIST OF ABBREVIATIONS
GSH Glutathione
ICC Intraclass correlation coe£icient
Lac Lactate
LoA limit of agreement
LUMC Leiden University Medical Center
M0 Net magnetization
mI Myo-Inositol
MM Macromolecules
MN Multi-Nuclei (or Nuclear)
MPRAGE Magnetization prepared rapid acquisition gradient echo
MR Magnetic Resonance
MRI Magnetic Resonance Imaging
MRS Magnetic Resonance Spectroscopy
MRSI Magnetic Resonance Spectroscopic Imaging
NA Number of acquisitions
NAA N-acetylaspartate
NAAG N-acetylaspartylglutamate
NAD nicotinamide adenine dinucleotide
nativerepeat mean integral of nonenhanced repeated measurements per voxel
NMR Nuclear Magnetic Resonance
NOE Nuclear Overhauser e£ect
NOEenhrepeat mean integral of NOE-enhanced repeated measurements per voxel
OVS Outer volume suppression
PC Phosphocholine
PCC Posterior cingulate cortex
PCh Phosphocholine
PCr Phosphocreatine
PDE Phosphor di-esters
PE Phosphoethanolamine
Pi Inorganic phosphate
PME Phosphor mono-esters
PME Phosphomonoester
ppm Parts per million
Q-factor Quality factor
QL ( QLoaded) Qualtity factor loaded
QU (Qunloaded) Quality factor unloaded
RC repeatability coe£icient
RF Radio Frequency
ROI Region of interest
RX Signal reception
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S12 Transmission coe£icient
SAR Specific absorbtion rate
Scyllo Scyllo-inositol
SD Standard deviation
Semi-LASER Semi-Localization by adiabatic selective refocusing
SNR Signal-to-Noise Ratio
T Tesla
T1 Spin-lattice interaction
T2 Spin-spin interaction
Tacq Total acquisition time
Tau Taurine
tCho PCh+GPC
tCre Cre+PCr
TE Echo time
tNAA NAA+NAAG
TR Repetition time
TX Signal transmission
UHF Ultra-high field
UMCU Utrecht University Medical Center
VAPOR Variable power and optimized relaxation delays
VESPA Versatile Simulation, Pulses and Analysis package
VNA Vector network analyzer
VOI Volume of interest
WALTZ  wideband alternating-phase low-power technique for zero residual 
splitting
WM White matter
Wref(1,2) Water reference spectra (1,2)
WSVD whitened singular value decomposition
η NOE enhancement
μ mean metabolite integral over all voxels and measurements
σd standard deviation of di£erences between methods
σrepeat standard deviation of repeated measurements
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